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Three studies using nuclear magnetic resonance 
(NMR) techniques on systems of biological interest are 


reported in this thesise 


The first study is concerned with the binding of 
Mn( IIE) ions with the enzyme succinyl-CoA-synthetase. Four 
equivalent metal ion binding sites are found in the enzyme 
with an average dissociation constant of 4-1x10-*M at 
25°Ce Once the Mn( II) ions bind to the enzyme, their 
tumbling motion is hindered and the corresponding 
rotational rate decreases significantlye The resultant 
tumbling motion, the NMR exchange and the electronic 
relaxation all affect the nuclear relaxation of the water 


protons at the metal ion binding sites of the enzymee 


The second study is concerned with the binding 
between Mn( II) ions and adenosine-5'!-triphosphate (ATP)e- 
The metal ions bind to the three phosphate groups of ATP 
and, in addition, some of them also bind to the adenine N- 
7 nitrogen of the same ATP moleculee The two Mn(II )~ATP 
complexes, together with the unbound ATP, constitute a 
three-site exchange systeme In this system, the NMR 


exchange process between the two complexes is avery fast 
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step, with a rate constant of 2-7x10" sec”! at 27°C. The 
distances between the Mn( II) ion and the adenine carbons 
are also determinede Thus, a model for the Mn(II )—ATP 
complex, in which the metal co-ordinates to the adenine 


base, is proposed. 


Finally, the conformation and the mode of 
association of folic acid in aqueous solutions is studied. 
It is found that folic acid exists in an extended 
conformatione Furthermore, these molecules form 
intermolecular stacks. In these stacks, the molecules 
orientate themselves in an alternative manner such that 
their hydrophilic ends uniformly extend out into the 


solvente 
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CHAPTER I 


GENERAL INTRODUCTION 


Ae THE OBJECT OF THESE STUDIES 


The work described in the thesis involves three 
different compounds of biological interest and they were 
studied by means of nuclear magnetic resonance (NMR).~ The 
appropriate principles, theory, and techniques that were 
employed in each study are discussed together with the 
analysis and interpretation of the data. Throughout these 
studies, an attempt was made to achieve a clear under- 
standing on the specific problem and, at the same time, to 
tearn the NMR principles that may be applied to other 


similar biological systems. 
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Be METHODOLOGY 


Three characteristic NMR parameters were measured 
in the reported studies. They are the spin-lattice relaxa= 
tion time Ty, the spin-spin relaxation time T2 and the 
chemical shifte The first study (Chapter II) deals mainly 
with T,; measurementse The second study (Chapter III) 
involves both Ty and Tz measurements, whereas the last 
tepic under study (Chapter IV) deals only with chemical 
shift measurements e¢ These three NMR parameters have been 
treated and discussed in detail in a number of monographs 
(Slichter, 1963; Poole and Farach, 1971 and 1972). In the 
following paragraphs, a brief outline of these parameters 
is presented using proton nucleus, with spin quantum number 


of i/2, as an example. 


Nuclear magnetism is a macroscopic phenomenon 
(Bloch, 1946). The observed behavior of an NMK resonance 
reflects the overall effect 2 ae all the nuclear 
spins in identical chemical and magnetic environmentse In 
the presence of a static magnetic field Ho, the nuclear 
spins experience a magnetic field given by Hoi, depending 
on their Location in a moleculee On the microscopic scale, 
the nuclear spins distribute themselves between two energy 
levels. The population of these levels is governed by the 


Boltzmann lLawe The energy difference between the two 


















sirtaetihaiadial 14 ness conpiag ey psu ed Nengareadte ‘evant 


yReses C@itiaseni¢qe ons #44 vant awit. a sank | 


ea? Ban oT ©? .2egeles nines han od? eat acne rics 4% 


"“qinhem dans: * v1 eae) swutha cave atTF ** ide Joa en 


{242 12! codt) “ot naegos wT -PaweeNenAee 4F aoke * 
. Ki ye ) ia 
taal o4% wacteds »@teetenneeaen of baw (D4 hae er Raa eee 


i] 


7 
a2 


syimeds upie. ips efean tl? shpgea>) here aemee aterad 
Ahead pre yrs] Se AMY Geher e¢Hdtt» oS nme p aoe ode | | 
imtgstatiem 16 2efaeOe Me rap ae uh Soeheg@es& + Vie) Dedaedh i | 
iat 1% «PTR ‘eae. INES (eye 7 bn iveoe % beet, iuetebaiel ; : 
ured eugrng bwedt+ to awk tan Tehri a iS delerianrieg ahived seme - a 


To1l wo a eames go i<ys a2 iw 4 So 2: 4) Fy OEY ws toe De] Jee eh ren aha wt - MM 


: : Sie 
fv (tian) rh ae GRRE Rae 


eC tt TT ta pikes sence 2 8). 0a? i eow rae four 
Sianenes CMY fe tu io iveied Lewrsets 88T) s0BReF acatal a 


sosdavan ex i$je ao1t godeiba jeaeke ‘pao “ar <a 


at Astedenesives +1 190QR4m bak SidiaeRa Peery ir 


‘pas trae oases «at tins al’ eugra wri A128 bt bas ® 















a 7 


MEP 


> 
rf s 


——— Lara eu abit pissy acini ree he a 
ty a a) Bes . 


a oe nae i ae 
Wh cue feet pe ne a rh ae 






levels is given by be on » where yp is the magnetic 
moment of the nucleus. In addition, the nuclear spins 
interact with each other (spin-spin interaction) due to the 
core small time-dependent fluctuating magnetic field 
arising from the environment. Thus, they precess with aco 


Phase coherence at the Larmor precession frequency et 


Biven by un Y where Y is the magnetogyric ratioe 


a 


In order to induce a resonance of the nuclei in 
questions, a suitable electromagnetic radiation at the 
frequency Ws is used. The difference between the 
frequency and that of a certain reference Signal is known 
as the chemical shift of the nuclei.e When such radiation 
is applied to the spin system, the Original thermal distri= 
bution is perturbed , due to the absorption of a certain 
amount of energy from the radiation, and at the same time, 
the nuclei precess momentarily in phase with the radiation. 
AS soon as this perturbation is removed, the nuclei relax 
via two relaxation processes. In the first, the spins 
return to the original thermal distribution by transferring 
the absorbed energy to the surroundings (the lattice). 

This process is known as spin-lattice relaxation which has 
@ characteristic time constant Tay generally known as the 
spin-lattice (or longitudinal) relaxation timee In 


addition, the spins tend to resume their random-phased 


’ 
gvitaagee oda? 
BH.mea tees 
—ae ¢F » or 
mPED ie j 
+lw " 
f ; 
G.A3 
a a! ds 
ry ! , 
ne ea es ( 
>. i 3 ¢ 
- wie 2 & 
oa a7 Sar oe 
nal? &844 eal? 
» ive > 7? 
xaden ivsoua 


SAQVveeenen? <4 Wei trIc Vre 


saqyen wel 


poet ted whe > 
perso 2. ome +n! 


. ‘ 


Aer aie . 


: 
a 


wi 4 


Yee ts 


tie ¥ » BEANS ‘ast? Le as nA +i 
f : a + 
lj i *. roe [e434 re Ge) e * tania . < 
ere @ y its " rv oe 
‘ te EL) et ak ‘ *b 
% *i * 
: $i 
i 
a oe | > ; 
‘i. yu GO) ; d 
4 U y , i 
' a jay 2 20 } 14 1 sr aaa, 
i ‘ 
j ¢ Fi 1 ca Rea) Y ani ae 7 
Z : ; a _ 
smal ex S iv ine 4ity. &¢ cre bh eegee ab 
ie 
‘ bad Vere On: od 6 * >i tae’ 
g boa 5 toed oof 20°30) “shee EA Paeeee, 
é ‘a il jis ia 4 aJ — weit 
1 vevoede as) obi epe aes ere en 
! 
to>e* offs’ I Weeds ong ae>ionees jet wan) 















mak) eel 


V i 


‘gavia wh 


ae Dele 4 


, need dh i bie eaasious-« ae tad Ri 






it danny 






. =i) 
Fo cig Lew, sad) OF "wear 7. 
OG a t5 : 
7 7 


a atte a ce mad 


q 
i 4 n 










> 
7 


Cat il 








precession. This latter process is known as spin-spin re- 
taxation which has a characteristic time constant T2, known 


as the spin-spin (or transverse) relaxation timee 


Recent improvements in instrumentation allow the 
measurement of these nuclear phenomena very accurately and 
in a reasonable period of time for many different types of 
nuclei, such as !H, 3!P and 4!3C.e. The advances are very 
important for NMR studies on those delicate compounds which 
may either be unstable or available only in very small 
quantitiese Consequently, the application of NMR 
techniques in the area of biological research has become 


increasingly useful (Dwek, 1973; Bovey, 1972). 
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Ce QUTILINE OF THE THESIS 


Since several ditferent biological compounds were 
tnveutipeted and the nae techniques employed were different 
fer each study, the thesis is divided into three chapterse 
En each chapter, the object of the research and the biolo= 
gical aspects of the compound are introduced together with 
the relevant theory, experimental procedure, results, 


discussion and conclusions. 


Chapter II deals with the binding between a 
divalent metal ion and an enzyme [Mn(II) ion and phospho- 
succinate-CoA-synthetase ]. Using pulsed NMR techniques, 
the relaxation times Ty; of the solvent water protons in the 
enzyme~metal solutions were measured as a function of the 
magnetic field strength and temperature. From these data, 
the relevant mechanism for nuclear relaxation at the metal 
ion binding sites on the enzyme was worked out. In 
addition to the NMR measurements, the stoichiometry of the 
Mn( II) ion enzyme complex was determined by electron 


paramagnetic resonance. 


Chapter III describes the studies on the 
structures of the Mn( II) ion complex with a nucleotide: 
adenosine-5'-triphosphate(ATP). By means of Fourier 


transform pulsed NMR techniques, both the Ty and To values 
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of the natural abundance !3C nuclei of ATP in the presence 
of Mn( II} ions were measured. The temperature dependence 
ef the Tz processes were followed. The data are best 
Pntecoceted in terms ne a three-site exchange systeme The 
&3C Ty dats allow the metal ion to adenine carbon distances 
to be calculated. A model for the Mn( II )-nucleotide 


complex is proposedo 


Finally, in Chapter IV, the mode of self- 
association of a commonly occuring coenzyme, folic acid, as 
well as its conformation were studied by 1H NMR. The 
chemical shifts of folic acid and that of two model 
compounds were measured as a function of temperature and 
concentratione Results indicate that folic acid exists in 
an extended conformation in solutione In addition, these 
molecules stack in solution and a possible model for this 


intermolecular association is proposed. 
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MAGNETIC RESONANCE STUDIFS OF MANGANESE(II) ION 
BINDING WITH SUCCINYL CoA~SYNTHETASE 


Succinyl—CoA-Synthetase, abbreviated as SCS, is 
one of the most important and complex enzymes in the 
phosphorus metabolism (Kaufman et al, 1953). Among various 
sources, the enzyme isolated from Escherichia coli is the 
one that has been most thoroughly investigated (Nishimura, 
19723; Bridger, 1974). It is composed of two subunits (a 
and §#) (Ramaley et al, 19673; Bridger, 1971). In the 
phosphorylated form of the enzyme, the smaller a@ subunit 
contains a phosphorylated histidine group (Bridger, 1971). 
At high enzyme concentrations (above 1 mg/ml), the enzyme 
exists as an az28o tetramer and has an oligomeric molecular 
weight around 140,000 (Ramaley et al, 19673 Krebs and 
Bridger, 1974). At lower concentrations, it begins to 
dissociate into an af dimer. The enzyme exists mainly in 


the random coil conformation with small fractions of a- 
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helix and $—pleated sheet structure in the ratio 0.78, 
0.14 and 0.08, respectively (Krebs and Bridger, 1974). The 
amino acid compositions of the enzyme have been determined 
Nip Sree et al, 1970). However, the complete sequence 


has not been worked out. 


SCS catalyzes the following reversible reaction 
in the presence of divalent cations: 
mre 
succinyl-CoA + NDP + Pi =——— succinate + CoA + NTP 
(IiI-1) 
where CoA stands for Coenzyme As; Pi stands for inorganic 
RSLS ETE NDP and NTP are, respectively, 
nucleoside di- and tri-phosphates. Mt? is the 
divalent metal ion(Mgt® is most commonly used )- 
The forward reaction represents phosphorylation in the 
tricarboxylic acid cycle (Kaufman et al, 19533; Hift et al, 
1953), which is important in the metabolism of higher 
organismse The reverse reaction is a nucleoside tri- 
phosphate-dependent synthesis of succinyl-CoA, an important 
anabolic precursor for several essential biological 
molecules such as heme and cystathionine. The catalytic 
mechanism and structural features a the enzyme have been 
the subject of intensive research and have been critically 


reviewed (Nishimura, 1972; Bridger, 1974). 
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2-2 Catalytic Mechanism of SCS 


Various techniques such as asotope labelling, 
rapid mixing and quenching have been used to study the 
kinetic and catalytic mechanism of the enzyme (Bridger, 
1974). It has been shown that the Phosphorylated form of 
the enzyme is an important obligatory intermediate in the 
catalysis (Bridger et al, 19683 Grinnell and Nishimura, 


1969). 


Recent steady state kinetic studies (Moffet and 
Bridger, 1970, 1973) indicate that the main reaction path= 


ways can be represented by the following scheme: 


CoA Succ P; Succ-CoA 
ADP 













(EeATP*CoAe Succ) 
(E*ADP*P; *Suce-CoA) 






Succ CoA SuceCoA Pj 


(LI-2}) 
The reaction is initiated by ATP addition to the enzyme, 
followed by random easdc lati of of succinate or CoA. A 
central compl ex represented by (EeATP-eCoA-Succ) or 
(EeADPePi-Succ.CoA) was proposed to account for the 


“substrate synergism" character of the enzymee This 
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preperty was first noted by Bridger et al (1968). In their 
studies of 7@P isotope exchange rate between ADP and ATP in 
the presence of phospho-SCS enzyme, it was found that the 
rate of exchange of 74P per unit of enzyme was much slower 
than the net catalytic rate when all substrates are 
present. Addition of individual substrates (CoA or 
Succinate) alone has no effect on the exchange rate, 
whereas the introduction of Succinyl=-CoA (which possesses 
the essentiat functional groups) increases the exchange 
rate to the full net catalytic rate level. In their 
studies, these researchers also showed that the enzyme may 
be phosphorylated very rapidly by NTP. The reaction 
between SCS and NTP, leading to the formation of a phos- 
phorylated enzyme (E=-P), can therefore be regarded as an 
initial rapid equilibrium (pre-steady state) in the overall 


catalytic mechanism (Kaufman, 1955; Bridger et al, 1968). 


Consequently, the overall catalytic reaction may 


be written as the following scheme: 


ute 
E + NTP = E-P + NDP (11-3) 





mre 
E-P +t+succinate + CoA = — E * succinyl-CoA +tPi 


C1lI-4) 
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The various intermediates in the second reaction Eqe(II~-4) 

are still not completely known. Two possible schemes have 

been presented for this process. 

€i} The first scheme (Hager, 1962; Grinell and Nishimura, 
1969; Walsh et alt, 1970) requires the presence of an 
enzyme-bound phosphorylated succinate (E=succinyl=-P } 


as a discrete intermediate. The scheme may be written 


ass 


ure 


E-P + succinate ——— =E-succinyl-P (II-5) 
eee 


m*e 
—— Et succinyl-CoA +tPi 





E-succinyl-P + CoA 
(II-6) 
€ii) The second scheme (Hager, 19623; Robinson et al, 1969) 


involves a concerted mechanism which may be written 


ass 





ie 
E-P + succinate * CoA E-Pesuccinyl—-CoA 
(I1I-7) 
ori 
AW 


E-Pesuccinyl-CoA E + succinyl-CoA + Pi 





N 


(II-8) 


Fige II-1 illustrates this concerted scheme in more detail. 
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3e The Object and Approach of the Present Study 


In alt the reactions of the enzyme described 
previously, the divalent cation Mg(II) is always required 
(Kaufman, 1955; Bridger, 1974 and references therein)e The 
present work is to study the possible binding between ne 
metal ions and the phosphorylated enzyme ( phospho-enzyme ), 
as the phospho-enzyme is the most stable and important form 
of the enzyme in the catalytic reaction (Moffet et al, 
19723; Moffet and Bridger, 1973). In this study, Mn(ITI ) 
ions are used because they resemble closely Mg(I1I) ions in 
most biological systems (Vallee, 19603; Cleland, 19673 
Daune, 1974) and also because the paramagnetic property of 
the Mn(Ir) ions facilitates the NMR measurements. The 


approach is briefly outlined in the following paragraphs. 


When Mn( II) ions bind to an enzyme, the environ- 
ment around the bound metal ions is quite different from 
that of the unbound metal ions in the same solvente Since 
a paramagnetic Mn( II) ion has five unpaired electrons in 
its d orbitals, these electrons interact significantly with 
any neighboring nucleie Hence, these environmental changes 
will be experienced by the solvent water protons when the 
water molecules reside in the coordination spheres of the 
metal ions. Since the water molecules are exchanging 


between these ions and the bulk solvent, the observed 
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between these ions and the bulk solvent; the observed 
magnetic properties of the proton nuclei of the bulk 
solwent will then contain all contributions from the 
enzyme-bound metal ions, the free metal ions as well as 


4 


from the pure solvente 


By means of 4H NMR, these magnetic properties can 
be measured quantitatively in terms of the proton relax- 
ation rates (PRR) of the water solvent (Einsinger et al, 
1962; Cohn and Leigh, 1962). Furthermore, the proton re- 
Laxation rate arising from the bound metal ions on the 
enzyme may be isolated from the total observed relaxation 
rate when the concentrations of the bound and unbound 
(free) metal ions are knowne This rate will be useful in 
the study of structural feature of the portion in the 
enzyme where the metal ion is bound (Reuben and Cohn, 
1970). In many cases, the results thus obtained from NMR 
compare favourably with those from other techniques ( Dwek, 
1973). For example, in the case of ConcanavalinwAy, the 
same number of water molecules at the metal binding site in 
the enzyme were observed both from NMR (Koenig et al, 1973) 


and from X-ray study (Becker et al, 1975). 


In the following sections, the relevant theory 
and equations will be discussed in order to show the design 


of the experiments for the studyo The stoichiometry and 
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the dissociation constant of the enzyme-Mn(II) complex were 
measured using electron spin resonance (ESR) techniquese 
With this information, NMR experiments on water PRR were 
Pei ed out as a function of temperature (4—--38°C) and 
frequency (6¢--60eOMHz).e Combining these results, the re- 
taxation rates are analyzed in detail to study the 
structural features of the enzyme around the bound metal 
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Be THEORY SECTION 


When an enzyme with n equivalent metal ion 
binding sites is introduced into an aqueous solution of 
Mn( II) ions, some of the metal ions will bind to the 
binding sites in the enzyme. Consequently, two types of 
metal ion complexes exist in solution: 

a} The original hexa-aquo Mn(II}) ion complex, 
(Mn(H20)6 ]*?, which is enzyme-free and abbreviated as 


Me from now one 


b) The enzyme-bound Mn( II) ion complex, [Mn(E* )(H20) ]t@, 
abbreviated as My 2 The coordination sites in this 
complex are now occupied by the water molecules and 
some ligands, E*, of the enzymee The complex is 
therefore also known as a binary EM complex (Dwek, 


1973). 


The formation of the enzyme-bound complex may be 


represented by the following equilibrium: 


C(II-9) 
where Hay is the concentration of the metal binding sites 


in the. enzymee For an enzyme with n equivalent 
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metal binding sites, [E'] is equat to nx[E] , where 
[E] is the enzyme concentration. Kp is the dis- 
sociation constant (to be discussed in the following 
section), and the concentrations of the complexes, 
[M,]and [MJ are related to the total metal ion. 


concentration [MJ ass 
[M,] = [Mp] + (MJ 
(I1I-10) 


ie Stoichiometry of the EM Complex 


The dissociation constant of the complex for the 
equilibrium [Eqe(I1I-9)] is defined as (Mildvan and Cohn, 


1963): 


cy = MeL CE'D 2 (Mem xCEy] - OMI} 
[MJ [M, J 


(II-11) 
where [E,J is the total enzyme concentration and the other 


symbols were defined previously. 
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This equation can be further rearranged into the following 


Linear form, from which the values of K and n may be 


D 


obtained easily: 








Gii-i2Z) 


where [MA] 


A linear plot of yy vs v/[Me] is known as a Scatchard 
plot (Scatchard, 1949). From this plot, the stope of the 


line gives 71/K, and the intercept gives n/Kp . 


Experimentally, , and v/[Me] for the Scatchard 
plot are obtained by titrating a fixed amount of enzyme, 
Uae) » with Mn( II) ion solution. For each metal ion con- 
centration, the concentration of the Me complex can be 
measured from the electron spin resonance (ESR) spectrum of 
the Mn( II) ions (Cohn and Townsend, 19543; Cohn and Leigh, 
1962). Then, using Eqe(II-10), [MJ can be calculated 
from [M,] and [Me]. The above procedure for obtaining the 
values of Kp and n is often referred to as an M-titration 


(Mildvan and Cohn, 1963; Reuben and Cohny 1970). 
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2e Water PRR of the Enzyme-free and the Enzyme-bound 
Complexes 


The NMR meena onent. in the present study are on 
the spin-lattice relaxation rate (T,;~4}) of the water 
protonse Hence, the principles of the study are discussed 
along with the relevant equations for the spin-lattice re« 
laxation time (Ty). The corresponding equations for the 
Spin-spin relaxation time (T2) will be described and used 
in the next study (Chapter IIlIije For simplicity of | 
notation in this chapter, the term “water proton relaxation 


rate or water PRR" is used to stand for the relevant spin- 


dattice relaxation rate. 


First of all, let us consider the effect on the 
water PRR due to the enzyme-free Mn(II) complex [ieee when 
no binding to the enzyme occurs je The presence of the 
complex gives rise to two types of environment [ two-site ] 
for the water protons: 

(i) the original bulk solvent, and 


(ii) the co-ordination sphere of the metal complexe 


In NMR terminology, the exchange of a water 
ligand between these two sites can be generalized in the 
following form (Gutowsky et al, 1953; Gutowsky and Saika, 


1953): 
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eed 
m 
cr abbreviated as: 
=] 
T 
ti patently k 


(II-i3) 
where L and L* are the same chemical species (water), but 
in different magnetic environmentse n is the number 
of solvent molecules (water molecules) in the first 
coordination sphere of the metal ion, and M stands for 
the enzyme-free complex in the present case (or for 
the enzyme~-bound complex in the next case to be 
considered )e 
Furthermore, it is noted that the concentration of the 
Mn( II) complex is very small (107% = 1073M is used in most 
studies). Hence, the experimentally observable quantity is 
the bulk solvent signal since it is of much higher concen- 
tratione Nevertheless, the water molecules are exchanging 
between the two sites, both of these magnetic properties 
therefore contribute to the observed water PRR (O*Reilley 
and Poole, 19633; Luz and Meiboom, 1964). The contribution 


to the water PRK from the paramagnetic Mn( II) complex can 
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be isolated from that of the bulk solvent in the following 
ways 


=] . 
T = T -] -] 
ps 


(11-14) 


where eis the water PRR measured on the Mn( II) solution 


=a 


end T, 0 is that measured on a4 blank solution (pure 
3 


The contribution is referred to as "water PRR of 
-] 
the Me complex" or " Lie “ from now one It is related to 


the nuclear relaxation and the exchange rates and is given 


by (OfReilley and Poote, 1963; Luz and Meiboom, 1964): 
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or written as 
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where 
[M,] [M,] 


[H,0] Spas 


The terms in the above equations are defined as follows:. 
Et} : 


(i) The quotienty,(P \o is commonly Known as the 


-T 
m pe 
normalized water PkRRe It is the water PKR of the 


complex per unit metal ion concentratione 


Cis} [M,] is the total Mn(II) ion concentration, as we are 
discussing the effect when all the Mn( II) ions are in 
the enzyme-free complexe This point will be further 


clarified in the subsequent discussion on Eqe(II-17).- 


Ciii) q is the number of water molecules in the first 
coordination sphere of the metal ion. It is equal to 


six for the enzyme-free Mn(II) complexe 


(iv) lore is the water proton spin-lattice relaxation 
ff 
time, when the water molecule is in the coordination 


sphere of the metal ione 


(v) Finally, Th is the NMx exchange Lifetime with which 
f 


the water molecule exchanges from the complex to the 


bulk solvente 
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These last two terms, (iv) and (v), are further 


discussed in the next section. 


In analogy te the preceding discussions, if all 
the Mn( II} ions exist as the enzyme-bound My complex, the 


corresponding water PRR of the complex is: 





(1iI-1i6) 
where the terms are similarly defined as those in Eqe(II=- 
15), and the subscript b is used to indicate that the 
term is for the enzyme-bound complex. q* is the 
number of water motiecules in the first coordination 
sphere of the complex and is < 6 in the case of the 


enzyme-bound Mn( II) ione 


In practice, not all the metal ions are bound to 
the enzymee Hence, the analysis of the observed water PRR 
has to take into account the presence of both complexese 
The overall PRR is therefore the weighted sum of the 
individual PRR as given in the two preceding equations (II- 
16) and (II-17) (Eisinger et al, 1962; Mildvan and Cohn , 


1963): 
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(II-17) 


where [(M.] and [Me] ares; respectively, the concentration of 
the enzyme-bound and enzyme-free complexes and are 


related in the equilibrium as given by Eqse(II-9) to 
CIiir-11 de 


Conventionally, the above equation is expressed 


in the following forms: 


ee! [M.] 
IP obs f 

1 -] 
IP, [M,] 

or 

: [Me] 
€ = ——_——_— 

obs 
[MJ 


-] 


SPL Tip, 
= 

[M,] he 

M 

[ bd - ey 

[M,] 


(11-18) 


where the relaxation rate ratio at the teft hand side of 


the equation is known as the observed water enhance- 


* 
ment, fobs 


» Since such ratio has always been found 


to be larger than unity in all the enzyme-metal 


complexes studied (Eisinger et al, 


Dwek, 1973). 
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The relaxation rate ratio at the right hand side of 


the equation is known as the binary enhancement of the 


complex, Eh e 


Experimentally, the water PER of the enzyme-bound 
complex is therefore calculated uSing Eqe(II-17) by 


measuring the related terms in the equation: 
(i) The concentrations of the two complexes, which are 
obtained using the EPR techniques as previously 


described. 


(ii) The overall water PRR, which is measured by the NMR 


* * 
experiments that yield Ty and Ty 0 g 
sl 
T 2) ay een 
'Pobs a "50 
(11-19) 
* 


where Ty - is the water proton spin-lattice relaxa- 
b) 
tion time of a solution that only contains 
* 
the enzyme, and T, is the Ty, of a solution 


that contains the enzyme and Mn(I1) ions at a 


concentration of [M,]. 


(iii) Finally, the water PRR of the enzyme-free complex 
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which is obtained ina similar manner as described 
with Eqe(iI-14) in which the Mn( II) ion 
concentration is the same as the one used in the 


preceding measurements —- (ii )e 
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Je Temperature and Freauency Dependence of Water PER 


The NMR exchange rates and the nuclear relaxation 
rates related to the water PRR of the complexes are dis- 
cussed in this section. Emphasis is on the temperature and 
frequency (magnetic field strength) effects on these are 
as these dependences form the basis of the present NMR 


study. 


3A-e The NMR Exchange Rate 


The NMR exchange Lifetime in the exchange-system 
{Eqe(I1-13)] can be generalized in the following definition 


(Gutowsky and Saika, 1953): 


Rate of disappearance of a species Mm 





Concentration of the same species’ m 


In the present exchange system, Th. (J=f, b) is the 
J 


exchange Lifetime of the water motecule which exchanges 


from the ue complex to the bulk solvente Due to the 
-] 


appearance of the definition, NMR exchange rate, Ti or 


kK »s is also known as a "*pseudo-" first order rate 


constant [with respect to the species under observation ]« 
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The overall temperature variation of the exchange 
rate can be expressed in terms of the activation parameters 
from the transition-state theory (Eyring, 1935; Glasstone 


et al, i941): 


(11-20) 
where subscript m. (i=f, b) denotes that the exchange rate 
4s of the enzyme-free and the enzyme-~bound complexes 
respectively. R is the gas constant, N is Avogadro's 
mumber; h is Planck*s constant, and T is the absolute 
temperaturee AH? and in are, respectively, the 


activation enthalpy and entropy for the corresponding 


exchange from the M. complex to the bulk solvente 


As seen from the definition, the exchange rate is 
not a function of frequency [magnetic field strength]. 
However, in some cases, the exchange rate may depend on 
ether factors such as the concentration, the pH, and the 
ionic strength of an exchange system, and hence it is very 
useful to the studies of complex solution kinetics 
(ecge Dodgen et al, 1973; Fuhr and Rabenstein, 1973). 


These variables are not used in the present study and are 
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not discussed in detail in the thesis. 


3Be The Nuclear Relaxation Rate at the Mn(II) ion 
Complexes 


The Le and Lge relaxation times of the 
fi b 
water protons in the enzyme-free and the enzyme-bound 
complexes are now considered. As mentioned previously, 
only the equations for the spin-lattice relaxation times 


are used in the present discussione 


When a water molecule is in the coordination 
sphere of the Mn( II) ion, the nuclear relaxation of the 
water protons is induced by the dipolar and the scalar 
interactions between the nuclear spin and the unpaired 
electrons of the Mn( II) ion (Solomon, 1955; Solomon and 
Bloembergen, 1956; Bloembergen, 1957). In the high 
frequency range used in most studies (100-0MHz to 4MHz for 
4H), the contribution of the scalar interaction to the 
spin~lattice relaxation is very small and is negligible 


with respect to the dipolar interaction (King and Davidson, 
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1958; Bernheim et al, 19593 Pfeifer, 1962; Peacocke et aly, 
212869; Reuben and Cohn, 1970)- At very low frequencies (¢ 
IiMHz), however, the scalar contribution will also become 
pyre te to the Ty, relaxation (Codrington and 
Bloembergen, 1958). Furthermore, Hire eCECe for the 
scalar interaction from the Solomon-Bloembergen equation 
have been found at high temperatures (95°C) and at low 
frequencies (<¢ 1MHz) (Pfeifer et al, 1966; Collingwood and 
White, 1969). Nevertheless, in the present study, the 
frequency used is between 6MHz and 100.0MHz and the tem= 
perature was between 4°C and 38°C. Therefore, the spin- 
Lattice relaxation is controlled mainly by the dipolar 
interaction. The Solomon-Bloembergen equation for the 
Spin-lattice relaxation time is (Reuben et al, 1970; 


Rubinstein et alt, 1971): 


=~] CD . Tol 7 TA? 
thee a + 

j 6 2 2 2 2 
Ri ie Tec one ah ee j 
Cy 

= ca © F. 

R. =f.) 
ae (1 ) (11-21) 


The symbols in the above equation are described as follows. 
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€i} For both complexes, ° 


2 
Cheese bee SH SH] Jay, ughna? 
D I 
1s 
where S is the resultant electron spin angular 


moment and is 5/2 for the Mn(II) ions, Yy dis the. 
nuclear magnetogyric ratio of the proton, g is the 


"isotropic" g factor, and B is the Bohr magneton. 


iid R. (i=£,b) is the distance between the nucleus and 


the paramagnetic ion in the enzyme-free and in the 


enzyme~bound complexes respectively. 


Cidi)dw, and We are the nuclear and electronic Larmor 


precession frequenciese 


(iv) t T are the dipolar correlation times which are 


CA 
characteristic Lifetimes for the dipolar coupling 


cl 


between the nuclear and electron spins. These times 
affect the resultant form of F. for different 
complexes, the details are described in the next 


sections 
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3Ce The Correlation Times 


The dipolar interactions are commonly induced by 
three types of processes: the NMR exchange, the rotational 
motion of the metal complex, and the electronic relaxation 
of the unpaired electrons in the complex. Hence, the 
dipolar correlation times consist of all the individual 


eorrelation times of the relevant processeSe The equations 


are 
-j -| -] -] 
= + + 
ie Tm TR ais 
aa -1 -1 1 
T = + = 
C2 Th Ot) + EHS 
(1I-22) 
In the above equations, Tm is the exchange lifetime as 


previously described [Section 3A]. Tp is the rotational 
time of the complex and is due to the reorientational 

motion between the nuclear spin and the unpaired electrons. 
The rotational correlation time is affected by temperature 


but not by frequency. The temperature dependence is 


eee be Tha” exp ( ERs jan le) 


(i=f,b) 
(11-23) 


where subscript i is used to denote that different com= 
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plexes may have different rotational correlation times 
and temperature dependence. Tp 4s the standard (or 
reference) state of the rotation time and ER is the 


corresponding activation energy of the rotation 


motione 


Finally, the T1¢ and To in Eqe(II-22}) are the spin- 
lattice and the spin-spin relaxation times of the unpaired 
electrons. In contrast to the two previous correlation 
times, the electronic relaxation times are functions of 
temperature and frequency, the details are further 


described in the last paragraphe 


In different Mn( II) ion complexes, the inter- 
actions between the nuclear spin and the electron spin may 
varye Consequently, the magnitudes of those correlation 
times are not always the same and hence the resultant 
effect on the nuclear relaxation nares are different. Two 


eommon cases are described as follows. 


(a) In the case of smalt Mn( II) ion complexes, such as 
the hexa~aquo complex which can rotate freely and rapidly 
in water, Bloembergen and Morgan (1961) have shown that the 
rotational time of the complex is so short that it 


dominates the dipolar correlation time and also makes the 
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2 
product (wyt,y) << ]. Therefore, the Ete term in the 





EP equation [Eqe( 1I-21)] becomes 
7 
i, tie G e 3 + \ 
R 
i 1 + w 2 2 
S° aR 


f (11-24) 
where the subscript f is to denote that the expression is 
for the enzyme-free or the hexa-aquo Mn( II) ion complexese 
(Cb) In the case of macromolecule-Mn( II) ion complexes, 
as the metal ions are bound, the rotational rate may 
decreasee Hence, the rotational time is no longer dominant 
and in some cases, the electronic relaxation time may also 
contribute to the nuclear relaxation (Peacocke et al, 19693 
Reuben and Cohn, 1970)-e Nevertheless, in the nuclear 
relaxation for such complexes, the term that contains the 
spin-lattice relaxation time often dominates and hence the 
distinction between the spin-lattice and the spin-spin 
relaxation times for the electrons is not necessary as far 
as the nuclear relaxation is concerned (Koenig et al, 19713 
Koenig et al, 1972). In fact, when the modulation process 
2 
of the electronic relaxation is fast, ieee (Woty) < ini 
where Ty is the relevant correlation time of the modula- 
tion] the two electronic relaxation times have been shown 
to be equal (Rubinstein et al, 1971). In addition, even 
when (wet) > 1, Rubinstein et alt (1971) have shown that 


the electronic relaxation times may be approximated by the 
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Single electronic relaxation time 


Bloembergen and Morgan (1961). 
correlation times [Eq.(I1I-22)] 

T1>5 and this has Decnmanpiied 
Nn( II )-enzyme cetudies (Dwek et 


approximation is 


where subscript b is to denote 


are of the enzyme-bound Mn( II) ion 
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as derived by 


1 
1s 
Hence, those two dipolar 


may be approximated ‘with the 


Satisfactorily in many 


al, 1974). The 
-] -] -] 
qe + af + Ge 
us Ro Hs 
(II-25) 
that the correlation times 


complexes. 





Consequently, the F term in the Tim equation [Eq.(II- 
b 
21)] becomes 
3 wl 7 Be 
Fh = +: 
2 2 2 a 
+ 
aac wp t ] WoT) 


In order to sort out 
the electronic relaxation time, 


perature dependence of SS is 


(i1I-26) 


the possible contribution of 
the frequency and tem- 


now considerede Various 


theoretical studies have shown that it is a function of 
temperature, frequency and the zero-field splitting of the 


metal ion complex (Bloembergen and Morgan, 19613; Atkins and 
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Kivelson, 1966; Mclachlan, 1964; Burlamacchi, 1970). 


In the case of Mn( II )J-ion complexes, the main re- 
taxation mechanism arises from the modulation of the zero 
field splitting (Reed et gl, 19713; Rubenstein et al, 1971)- 


The equation is given as (Bloembergen and Morgan, 1961): 


a "y ay | 
i ey a Tea a 
2 Z 
er Ws Ty ib Set Wo Ty 
(irl-27)} 
where 
2 
a eae {a S (Boma) -83;} 
50 


A is the zero~tield splitting, and oy is the 
correlation time of the relevant physical relaxation 
procesSse 

This correlation time is also dependent upon the tem 


perature as: 


(11-28) 
where T is the standard state for the correlation time 


and EY is the activation energy of the modulation processo 
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Phosphorylated SCS from E.Coli. (Crooke's 
strain) was supplied by Dre WeAe Bridger, Department of 
Biochemistry, University of Alberta. After the standard 
purification procedure (Leitzman et al, 1970; Moffet and 
Bridger, 1973), the enzyme Apa was stored as a pre- 
cipitate in ae 75% saturated ammonium sulfate solution at 


45Ca 


Further steps were taken to prepare the enzyme 
samples for the present studiese First of all, the pre- 
cipitate was dissolved in a tris-buffer at a pH of 7.2< 
The buffer was made up with 0.-iM potassium chloride and 
10-*M EDTA, the Latter is used to eliminate heavy metal ion 
impurities that may de~activate the enzyme (Ramaley et aly, 
1967; Grinnell et al, 1969). The buffered enzyme solution 
was then introduced into a column packed with (1-0x3-0 cm) 
Sephadex G-25 (fine) resin at the bottom, and the (1-.0x4.0 
cm) AG-1 anion exchange resin at the top to eliminate the 
EDTA and any EDTA~metal ion complexese Before use, the 
column had been equilibrated with EDTA-free tris-buffer. 
The pH of all solutions was 722. The effluent enzyme 


solution was concentrated with a DIA-flow cell. 
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Alt of the above processes were carried out at 
4°C and the purified enzyme solutions were also kept at 4°C 
between measurements to prevent denaturatione Preliminary 
studies showed that a 20 to 30% drop in activity may occur 
over a period of twenty days; when the enzyme is in the 


EDTA-free tris-buffer solution. 


All glassware was cleaned with concentrated 
nitric acid, then washed and rinsed thoroughly with triply 


distilled water. 


The tris-HCl-buffer was obtained from Schwarz- 
Mann Coe, potassium chloride from JeTeBaker ChemeCoe, and 
manganese (II) chloride from Fisher Scientific Coe The 
Sephadex was purchased from Pharmacia Fine Chemicals, 
Sweden and AG=-1 resin from Bio-Rad Labe, California, 
UeScAce The purity of these reagents was found to be 
satisfactory from ee ee kinetic experiments carried out 


in Dre Bridger’s Laboratorye 


The molar concentration and specific activity of 
each sample were measured spectroscopically (methods to be 
described in the following section )e NMR and EPR exper- 
iments were immediately carried out and completed within 
one week after the samples were preparedo The specific 


activity was then rechecked and some of the NMR and EPR 
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measurements were repeated. The results were reproducible. 
Samples which experienced a Large change in activity (> 


25%} were discarded. 


2- Enzyme Assays and Buffer 


Molar concentration of the enzyme was determined 
by UeVe absorption at 280nme The extinction coeffi- 


1% 


cientyE, 


» is 4-9+0.-2 (Krebs and Bridger, 1974). The 
enzyme activity was measured spectroscopically at 25°C on 
an assay mixture, which was prepared with 0.1 to 1.5 micro-— 
moles of enzyme, 10 micromoles of disodium succinate, 

Q.1 micromoles of CoA, 0.4 micromoles of ATP (in tris-— 
buffer pH 7-2), 10 micromoles of maenestun chloride and 50 


moles of Tris-buffer (pH 7.2). The total volume was one 


ml 


The specific activity is expressed in units per 
mg of enzyme where one unit is the quantity of succinyl-CoA 
€in micromoles) generated per minute at 25°C, calculated 
using the molar extinction coefficient of 4.5x103 (Stadtman 


et al, 1957; Ramaley et al, 1967) for the succinyl=-CoA at 
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230nm- All samples used in the following ESR and NMR 
measurements were prepared in tris-~buffere The buffer was 
made up with Oo 1MKCL, 0.05M tris (hydroxyl methyl) amino 


methane and at a pH of 7-2. 


3-e Sample Preparation and ESR Measurements 


For the ESR experiments, the samples were 
prepared in such a way that they all had the same enzyme 
concentration of 0-074mN, but different Mn(II) ion concen- 
trations ranging from 0-08mM to 1-0OmM. Similarly, a series 
of reference samples with the same range of Mn(II) ion con- 
centrations but no enzyme were preparede ALl samples were 
carefully seated into small capillary tubes (1lmm I-De) and 


had the same volume of 30micro-litre. 


The ESR spectrum of the reference and the enzyme 
samples with the same total Mn(II) ion concentrations were 
obtained under controlled instrumental settings and for the 
same number of scans (ranging from three to six, depending 
on the metal ion concentration ). The experimental 


uncertainty in these measurements was t5%o The intensities 
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of the spectrum were then measured by adding the six peak 
to peak heights of the ESR signalse The free Mn(II) ion 
concentrations in the enzyme samples were calculated from 
the relative signal intensities with respect to the blank 
reference signals (Cohn and Townsend, 1954).e Prior to all 
of these measurements, nie spectrometer was calibrated 
using reference samples (0-01mM to 2mM)e The intensities 


are Linear to the concentrations. 


The measurements were carried out on a Varian X= 
4502 EPR spectrometer (9.2 GHz). For very dilute Mn( II) 
ion (<0.25mM), the EPR signals were accumulated using a 
Varian C-1024 signal averager to improve the accuracy of 
the measurements. The temperature was controlled using the 
Varian V-4557 temperature control unit and was measured 


with a cepper-constantan thermocouplee 


re 
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4-e Sample Preparation and NMR Measurements 


There are two types of NMR experiments in the 

study: 

€i) The first type of measurements was carried out at fixed 
frequency (100.0MHz) and temperature (25°C). Samples 
were prepared in such a way that they all had the same 
Man( itl) ion concentration (0.050mN) but different 
amounts of enzyme (Q0Q0.0SmM to Q.017mM)- <A reference 
sample with the same amount of Mn( II) ions in tris= 
buffer was preparede These samples were used for the 


enhancement experimentse 


(ii) The second type of measurements was carried 
out at variable frequency and temperature. With the 
knowledge of the dissociation constant from the 
previous ESR results (section 3) the samples were 
prepared in such @ way that the ratio of the enzyme- 
bound Mn( II) ions to the enzyme-free Mn( II) ions was 
maximizede The concentration of the Mn(II) ions and 
the enzyme used were, respectively, 0.-14mM and 
0.-VU78mMe A reference sample containing only 0.-14mN 
Nn( II) ion in tris-buffer was also preparede All 
samples for this type of experiment were prepared in 


the same conditions, and small aliquots were taken for 
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each temperature measurement. ALL samples were 
carefully sealed in (Smmx4cm) NMR tubes, and each had 


a volume of 75micro—Litre. 


Water proton spin-lattice relaxation times ( Tyee) 
were measured as a function of temperature over the ante 
for which the enzyme is stable (4° to 38°C). Spin-lattice 
relaxation times over the frequency range of 6.0 MHz to 
60-0 MHz were measured with a Bruker SXP NMR Spectrometer. 
The 100.0 MHz experiments were carried out using a Varian 
HA~100-15 NMR Spectrometer interfaced with the Digilab 


pulse unit ( FTS/NMR-400-1 ). 


The relaxation times (T,) were measured using the 
Carr-Purcell 180°- t -90° pulse sequence (Carr and Purcell, 
1954). A schematic diagram is shown in Fige II-2 and the 
principle is briefly described as follows. In the 
rotating-frame co-ordinates (x',y*,z*) (Fige ILI-2), the net 
magnetization moment of the nuclei may be represented by a 
vector M which is aligned with the field Hg at thermal 
equilibrium (Bloch, 1946). At time "OQ", a selective radio- 
frequency pulse (with intensity H, and at the resonance 
frequency of the nucleus) is applied so that the 
magnetization vector rotates an angle 180° along the zie 
axis (Fig-eII-2A).e Then, after a tine “ + “.s a 90” pulse 


is applied (FigeII-2B). 
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EIGURE II-2- [Letermination of Ty using the 180°, 7 , 90° 


pulse sequencee (a) M is inverted by a 180° pulse at time 


0 (b) after a time t , a 90° pulse rotates M to the y® 


axis for observation. (c) The observed signal intensity 


My is plotted as a function of ;_ 
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The magnetization, M, rs is then measured experimentally as 
the signal intensity. A typical plot of ee vs Tt is 
Shown in Fig.1I-2c. Some representative spectra obtained 
fron the pulse experiments On water protons are shown in 
Fig-LI-3. The intensities correlate with the time interval 


i according to the following equation: 


Cee en let 2exp(-rt/T, ) 


(II=-29) 
where M is the thermal equilibrium magnetization of the 
co 
nuclei, measured from the signal intensity at large 


1 values (> 5T, ). 


From the above Eqe(II-29), the value of Ty, was 
calculated using the linear least-squares technique 
{Appendix A] on at least twenty data pairs Oey) pore Ue 
Four series of data pairs were measured for each sample, 
giving Te values with a Standard deviation of 4 to 2%-e A 
computer program was written to handle the large volume of 
data and the listing is given in Appendix Ae The program 
also includes another useful technique for the analysis of 
the data (Guggenheim, 1926). This technique is useful when 
values of Me are not available or not easily accessible, 


Co Be when the nucleus has very long relaxation time Tae 






















~ 
~~ 


' a 
A ; oh 8 Dae 4 i 
ae Yiletnominsqes by swasom news a1 5 < A ae 7a 


el 1 ov to t0Fq Janpiqyt A ous Laneeind Jeogie 
penietda etiorye ov it niheesAagor amce <OR-ib.gha at staat 


ot aveie e146 snoseng TTS" ao 2? abn ineges onde S40 work 








jeveetat eais ont déiw otes¥ages aeitiecetal o4P -e-1ieat 


snolissupe paiwoliort si? oF | ga inapese rT 


(Gi-It) 
git? Yo coljasitesgem muladiliups-.Jemged? on? at i otedu 


sy xsi ta “riaastat Janata oat noat be tuehbm eitaloue 


of 3%2 4) @oudoyv t 


a2ew ,i to auteav rit ,t& S14 hes svoda ed? mor 
eJpintveat aesreuparteast taonks ant. ‘gn tau satetystas 


“7 © (pys M) aniaq stab “thswt reset ‘weno [XK xivanaan) | 
»seiquea dose 103 hetveedm ete mae “ated io eosin eee 


A ads of & to avttshveb btaboate » jas bw peas 





Le 
to siaussov gatas adt eibaan OF asttinw wow wats a co ‘ 
ea 


dak, 








7 _— 7 is 





as 


= % ‘a 


46 


Nevertheless, the present data can all be calculated using 


the common technique with Eqe( 11-29). 





12.0 





FIGURE [II-3. Water proton signals plotted as a function 
of t » ina 180°, t » 90° pulse experiment to determine 
the spin-lattice relaxation time. The experiment was 
carried out at 100.0MHz and 27°C on a non-degassed tris- 
buffer solution (001M KCl, O.0S5M tris-buffer). The Ty was 


found to be 2.273sece 
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De RESULTS AND DISCUSSION 


ie Binding of Mn({ II) Ions with phospho-SCS 


In order to show the presence of a binary EM 
complex between the Mn(II) ions and phospho-SCS, two types 
of experiments with NMR and ESR techniques were carried 
eute First of all, NMR measurements at a fixed frequency 
and temperature were performed using the samples and the 
procedures as described in the experimental section (C-4),. 
The experimental data are listed in Table II-1. The 
results are reported in terms of the observed water en- 
hancement as defined in Eqe(II-18)-e They are plotted in 
Fige II-4 as a function of the total enzyme concentration. 
From the figure, it is seen that the enhancements are all 


different from unity. 


Secondly, ESR measurements were used to detect 
any changes in the free-Mn( II) ion concentration in the 
presence of the enzymeec A typical ESR spectrum of a 
Mn( II )—-phospho-SCS solution, together with that of a blank 
Mn( II) ion solution (reference), are shown in Fige II-5- 
Only a significant decrease in the ESR spectrum intensity 
was observed on the addition of the enzymee Hence, beth 
results from NMR and ESR indicate that some Mn(II) ions are 


likely bound to the enzymee The decrease indicates that 
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some of the original Mn(II) ions were bound to the enzymee 
In such state, the ESR signal from the unpaired electrons 
of the metal ions may experience Significant homogeneous 
or/and inhomogeneous Line broadening effects (Reed and 
Cohn, 1970; Reed et al, 1971). Subsequent results based on 
NMR measurements (Tabble II-4) indicate that the spin- 


lattice electronic relaxation time, yfor both the 


Male 
enzyme-bound and the enzyme-free Mn(II) ion complexes are 
of similar magnitude. For example, at D7 Ctand 9.2GHz (X 
band )y the values of T 16 » calculated using Fqe(II-27), 
are 1.6x10~®%sec and 2.1xi0-®sec, respectively, for the 

enzyme-bound and enzyme-free complexese Therefore, the 

absence of the ESR signal for the enzyme-bound Mn€I¥) ion 


is likely due to the extreme shortening of the electronic 


spin-spin relaxation time in the enzyme-bound complexe 
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TABLE_IfI-i Data of the Water Proton Relaxation Enhancements 


at 100-0 MHz.t 


Sew eee a ee 





<> <> ae ane > areca Ge aes eer emore emer es ec ae oe 





Soltutions* Spin-Lattice Relaxation 
Times 
Ao Buffer 3°e5140.03 sec 
Buffer *+ MnCls(0.05mM ) 1.42340.002 sec 
Be Eno yes 324940. 02 sec 


Enzyme + MnClo(0.05mM ) 


* 
ed (mM) Ty (sec) 
0.0152 1.19 
0.0229 1-15 
0.0305 1-10 
0.0412 1.04 
0.0457 0.960 
0.0617 0.900 
0.0686 0.840 
0.0823 0.819 
0.0914 0.766 


ep > eo a ee ee ep oe ce ee ee ee em ee 





Se oe cee ee ee > ee a re cr ce we ec 


$ The experiments were carried out at 100.0 MHz at 25°C in 
Fourier Transformed mode. 


* All solutions were in 0.05M tris-buffer, O-iM KCl and at 


a pH of teres 


— The values of Ti are independent of the enzyme 
concentration studied. 
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FIGURE [1-5- X-band EPR spectra of aqueous Mn( II) ions at 
25°C in tris-buffer (pH7.23; 0-1MKCl). The bottom spectrum 
contains only 0.34 mM Mn(II) ione The top spectrum 
contains the same amount of Mn(II) ion and an additional 


0.074 mM of the enzyme. 
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In order to describe the stoichiometry of the 
enzyme-Mn( II) complex quantitatively, the dissociation 
constant, KD y and the number of metal ion binding sites, 
Ns Vote further determined by the the M-titration procedure 
using the ESR techniques as described in the experimental 
section(C-2). The experimental results are tabulated in 
Table II-2. These data were analysed with the Scatchard 
plot as described in the theory section( B-1). Using 


Eqe(ITI-12), the data are plotted in Fige II-6. 


From a least-squares analysis to these data, the 
dissociation constant is 4.1+0.4x10-*M at 25°C and a mole 
of phospho-SCS contains 3-714+0.5 moles of metal binding 
sites (Table II-3)e Similar values (7.1x10-*M and 3.4) 
were also obtained by Battlaire and Cohn (1971, private 


communication ). 
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TABLE II-2 The ESR M-titration Datat. 


—_——— eee 


ESR Spectral Intensities** 


[ua ioe aaa iy 
Sample Sample 
(mM) (cm) (cm) (mM) 
ee ee Be 

0.063 48.4 29.8 0.039 
0.084 74.2 46-5 0.053 
0.126 82.8 55-0 0.0837 
0-251 96.6 64.8 0.168 
0-336 95.4 67-2 0.237 
0.503 99.3 73-0 0.370 
0.670 106.3 82.0 0.517 
1.010 127.8 105-9 0-837 


i 


+ Experiments were carried out at 25°C and 9-1KGausse All 
samples were prepared in 0-05M tris-HCl buffer (pH7.2) 


E The recorder gain for samples with different [Mt] was 
readjusted in order to maximize the output signal 
amplitude. However, for samples with a given value of 
[M,] 2 all conditions were kept constante 


*x* The intensities were obtained by adding the six peak to 
peak heights of the ESR spectrum (Section C-3)e The 
experimental errors are +t5%-. 


The free Mn( II) ion concentrations were calculated 
from the relative spectral intensities of the enzyme and 
the reference samples. 
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TABLE II-3 A Least-squares Analysis on the M-Titration 





7:[M],/[e], v/[M],x10°M" 


(observed ) (calculated) * 

0.33 8.5 8.26 
0.43 8.1 8.02 
0.576 6-88 7-65 
1.13 6-73 6.29 
1-35 5-70 5275 
1.81 4.89 4.62 
2-08 4.20 3-95 
2235 2-81 3229 
Slope (- 1/K, ) = —2.46+0.22 x103 


Intercept ( n/K ») = 9.0740.32 x103 


D 
ae ee ee ee ee 


~ The experimental data are listed in Table II-2. They 
were analysed using Eqe(II-12) with the Least-squares 
technique (the computer program is given in Appendix A: 
subroutine LSQSM).- 


% The prediced values are calculated from the best fit 
slope and intercept of Eqe(II-12) to the data. 
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The M-titration results indicate that there are 
nearly two Mn(II) ions per af subunits of the enzymee 
However, the exact distribution of these metal binding 
sites cannot be Reet at the present study (such as one 
metal ion per subunit), since the native enzyme consists of 
two different subunit pairs (a2Bo). Since the standard 
deviation of the dissociation constant (the slope) is about 
+10% (Table II-3), the Winearitcss the plot indicates that 
Mn(TI) ion binding sites are very similar, otherwise, a 
change in the slope or non-linearity in the plot should be 
detected. Slight difference among these metal binding 
sites may still exist, nevertheless, the subsequent NMR 
treatment assumes that these sites have similar magnetic 


environment within experimental error (about 20%). 


The binding between the Mn(II) ions and the 
enzyme is not very stronge The value of 4.1x107-*M for Kp 
is not very small compared to most values of Kp in Mn( ITI )- 
enzyme complexes obtained under similar conditions (pH 7.0, 
O-.1M KCL). For example, the Kp for the Mn( II )—pyruvate 
kinase complex is 6+¢5x10-5M (25°C) (Mildvan and Cohn, 
1965), and the Kp for Mn( TI )-glutamine synthetase is 
4x10-©M (24°C) (Villafranca and Wedler, 1974). This 


comparatively weak affinity between Mn(II) ions and 


phospho-SCS made the present experiments a little more 
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difficult, since the enzyme-bound complex does not exist in 


large quantities. 


In addition, the solubility of the enzyme is not 
large and hence the most concentrated enzyme solution 
available was about 22mg per ml. AS a comparicony, in the 
Mn(Il)-pyruvate kinase studies, the kinase concentration 
used in the EPR experiments was around 250mg/ml (MeWe of 
pyruvate kinase being 237,000) (Reed and Cohn, 1973). 
Nevertheless, both results from NMR and EPR indicate that 


the phospho-enzyme does bind with Mn( II) ions. 
















> 
= 


at feline toa escb xolqaoo ote 


ton 2) eaxene eff to area si. 
noitulor engsae bessatananee hubs ait 

act «ad - oegtaqmede a wh 453m 198 moet swore 
aoltartoasnes sana edt peeibuta. ‘ouantat i. 
to <Welt) Sa\qubel bovets ae2 atte 
A6F@r ¢aded bas bowH? $000 "res Bi rete da ae 


saat efecibal 549 Bes) SM noxd er sweet trod evetenevevett 


senol tit Ink aziv Shs eee santas SSquems =a 


59 


The water PRR of the hexa-aquo Me complex in 
tris—-buffer was studied as a function of temperature (4° to 
38°C) and at various frequencies (6c¢0, 12-0, 25.0, 40.3 and 
60.@ MHz), using the procedures and samples as described in 
Section C-4. The values of "WP s were calculated using 


-] 
Eqe(II-14). The normalized water PER, (PyT ) s Of this 


Ipe 
enzyme-free complex are shown in Fige II-7. Comparable 


-] 
magnitude such as the (PuTip,) Of 4.7x10%sec*! at 
24.e3MHz and 25°C was reported in a recent review (Mildvan 


and Enele, 1972). 


Similar behavior on aqueous Mn( II) ion solutions 
has been studied (Bloembergen and Morgan, 19615; Reuben and 
Cohn, 1970). Nevertheless, the values obtained in the 
present controlled experiments were useful in the 
subsequent study, since samples both with and without the 
enzyme were added with the same amount of the stock Mn( II) 
ion solutions and the T, of these samples were measured 
successively under the same experimental conditions 


(Section C-4). 
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in Fige II-7, the water PRR ata given tem- 
perature are seen to decrease monotonically as the 
frequency increasese At @ constant frequency, the water 
PRR all decrease with an increase in temperaturee Since 
the exchange caiesdl am = e is independent of frequency and 
increases with an increase in temperature { Eqe( 11-20) ], 


therefore, the J] term of the complex must dominate 


the ebserved water PRR [ Eqe(II-15)]e 
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FIGURE I[-7- Frequency and temperature dependence of the 


normalized water proton Tip, ~* induced by the enzyme-free 
Mn( II )e( H2O0)6*+? complex in tris—buffer. Py = 

(Mnt@ J/(H20)] = (Mn*2)/[55.5]e The solution (pH7.2) 
censisted of Oc1M KClL5 O-.O5M tris—buffer; and 0.14mM 


Mn€ EE) ione Solid curves are the computer fit to the data. 
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Using the relevant equations (II-15, 21 and 24) 
for the enzyme-free Mn(II) ions, the data were fitted as a 


function of temperature and frequency by varying tT and 


(o) 
| | af 
E in Eqe(iI-23)e From the Least-squares analysis to the 
data, the best fit curves are shown in Fig. II-7 and the 
best fit parameters are: 


(i) 4.8 Kcal/mole for ees x 


(ii) £-0x107-!* sec for Ree 
f 


These values are similar to those observed by other 
researchers: 
a) Bloembergen and Morgan (1961) 
4-S5Kcal/mole ; 1.6x10-!*%sec. 
b) Pfeifer (1962) 


4e3Kcal/mole ; 2.1xi074*sec. 


In summary, in the absence of the enzyme, the 
water protons are relaxed through the dipolar mechanism 
which arises mainly from the tumbling motion of the 


complexe 
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2Be Water PRR of the Mn( II )-enzyme Sotutions 


In the presence of the enzyme, the normalized 
water PRR behaved quite differently (Fige II-8). First of 
all, at a given temperature, these values do not vary 
monotonically with frequency. Secondly, at a given 
frequency, the sharp increase of the PRR with an increase 
in 1/T observed in Fige II-7 does not existe Instead, at 
the highest frequency (60-0MHz), a slight decrease of the 


PRR with an increase in 1/T is observed. 


If only the 60.0MHz data were considered, a 
possible interpretation of the data would be that the rates 
were controlled by the NMR exchange process [Eq-(II-20)]. 
However, the water PRR are a function of the frequency 
(Fig. II-6), and some of the data shows a slight increase 
with (Can increase in) 1/T . Therefore, the exchange term 
alone is not sufficient to interpret the data and the ‘im, 


term is also important for the analysis [Eq-e( 11-16)]. 
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The special variation of the water PRR with 
frequency is ncw considered. If only the rotational motion 
and the exchange process are dominant in the dipolar 
mechanism of the water protons, Eqse TiI—-22, I1-20 and I1-23 
indicate that the resultant correlation time is again 
frequency independent as observed in the absence of the 
enzyme. Hence, a monotonic decrease in PRR with frequency 
would be predicted [Eq o(II-21)]. This does not explain the 


present data (Fige II=-8)- 


As shown with the EPR results, in the presence of 
the enzyme, some of the Mn(II) ions become bound and their 
mobility may decrease. Consequently, the reorientation 
time ye) of the water protons with respect to unpaired 
electrons in the enzyme-bound Mn( II) ions will be longer 
than that in the enzyme-free Mn(II) ions. In other words, 
13 =a may decrease to an extent where all the other 


Rp 


possible correlation rates, - and Th = aN 


-] 
1S 
Significantly contribute to the resultant ce! © 


When the frequency dependence of the electronic 
time is considered, a plausible explanation of the observed 
PRR can be given as follows. For ease of reference, the 
frequency dependence of the PRR at a fixed temperature 


(296°K) are plotted in Fige I1I-Q9- 
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In the high frequency region of the curve (60.0 
and 40-0MHz), the electron relaxation time is tong 


[ Eqo( LI-26) J (175s small}e The dipolar correlation 


Our is governed mainly by Tm, and TRE and is 


therefore essentially frequency independent as 
explained previously. The frequency dependence of 
RD a 
water PRR can only come about via the (1+4, rc) 
terms (i=I or S) in Eqe(II-26). [{ From now on, this 
term is referred to as ee) je Hence, a decrease in 


the frequency (Fige II-9) causes an increase in the 


relaxation rate in the high frequency range. 


When the frequency is further decreased, Tis 
decreases and eventually dominates 1s es while the 
ate terms approach unitye Hence, at the low 
frequencies (6-0 and -12.0MHz), the frequency 
dependence of the PRR is controlled mainly by aa 
which in turn is controlled bY t1¢° A decrease in 


frequency shortens the T1s and hence the PRR as 


observed (Fige I[I-9). 
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Se Quantitative Analysis of the Water PRE for the Enzyme- 
bound Complex 


In order to include both the frequency and tems 
perature dependence of the water PKR under study, a least= 
squares analysis to fit all the data was carried out using 
ail the relevant equations for the enzyme-bound complex as 
described in the theory (section B=-2 and 3). These 
equations are (11-16), (1TI-20 to 23) and (I1I-25 to 27)e-« 
ALl parameters in these equations were varied until the 
root mean square deviation between the experimental and 
calculated values reached 6%. The best fit parameters for 
the enzyme~bound complex are tabulated in Table II-4, 
together with the corresponding Literature values for the 
enzyme-free Mn(II) ion complex. Using the best fit 
Parameters, the computed results are plotted in Fige I1I-8 


as solid curves. 


A comparison of the values for these parameters 
(Table I[I-4) shows the differences between the enzyme-bound 


and the enzyme-free complexese 
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TAB TI-4.- Parameters for Mn(II) Ions in the Enzyme- 

bound and the Enzyme-free Complexes. 

re ee re ee Ee ae ee a a te eee we 
Parameter Enzyme-bound Enzyme-free 


Mn( II) ions Mn( II) ions 


q (water molecules) An0e) Aah 
ya (sec )eccceccece 2262x1019 1-0x107!1%; 1.6x10714% i“ 
Ep  (Keal/mole)s.. 1.8 4.8 ome 5 ae 
AHT (Keal/mole)eoe Tel 7S OT 82° 
Sue (Sele ilel) ale a sicle ele 0.97 1.3% ? 1.38° 
ae CSG Gh) iste oleic clelcie 1-4x10—13 3.6x10-15% 
E (Kcal/mole )ece P09) 2h Ge 
V 
B (rad@/sec2 Velele 0.5x1019 0.1x1020° 


eS SSS ole Sse? 


Q@ Value based on R= 2-78 Ae 


8B Value from Reuben and Cohn (1970) and references 
thereine 


* Value from Bloembergen and Morgan (1961). 


6 Value from !70 NMR study (Zetter, et SU ae O72 Die 
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q* and R 

From the least-squares analysis, these two 

parameters were found to be perfectly correlated. 

In other doeaes the value of q* depends on that of 
R and vice versae Hence, a set of q* values was 

used to calculate the distance between the water 

proton and the Mn(II) ion in the enzyme: 


q* 3] 4 5 


Since the major paramagnetic relaxation is due to 
the binding in the first coordination sphere of the 
metal ion, the distance of 2.78A is the closest 
value to the average distance (2-.81A) used in other 
Mn( II )-enzyme studies in aqueous solutions ( Reuben 
and Cohn, 1970;Villafranca and Wedler,1974; Jones et 
al, 1974b). However, the values of R may range from 
2-82 to 2.92A for hexa-aquo Mn( II) complexes in 
solid state (Zalkin et al, 1964; Montgomery et al, 
1966), the value of five for q may still be 
possiblee Nevertheless, the coordination sites 
available for the water Ligands decrease once the 


Mn(Y¥I) icns are bound to the enzyme. 


Tp. and ER 


The reorientation time of the water proton is much 
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Longer for the Mp complex than for the Me complex. 
This is due to the decreased mobility of the Mn( II) 
ion once it is bound to the SCS enzymes 
Consequently, the other correlation rates Gis 1 and 
se can also contribute to Temes The frequency 
and temperature dependence of all three correlation 
rates will be analyzed in more detail at the end of 
this section. 

AH and AS : 

These constants are similar for both complexes. 

This indicates that the water molecules can readily 


exchange between the enzyme—bound Mn( II) complex to 


the bulk solvent. 


OE and B 


Ty Vv 


These constants are different for the Me and Me 
complexes. Similar changes have been observed in 
other metal-enzyme systems, bp example, in Gd( III )= 
bovin serum albumin (Reuben, 1971); in Mn( II )~ATP- 
phospho-fructokinase (Jones et al, 1974a) and in 

MnC II)-ATP (Jones et al, 1974b). This was 
interpreted in terms of a conformational change of 
the enzyme around the Nn( II) ion. In principle, the 


effect induced by these parameters will change the 


electronic relaxation times, and hence the EPR 
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spectrum of the binary complex. This could be 
checked by a variable frequency EPR study (Reed and 
Cohn, 1970). In addition, information may be 
obtained erotic rotational correlation time since 
it may be related to the EPR linewidth of the 
complex (Wilson and Kivelson, 19663; Angerman and 
Jordan, 1970). However, these experiments at 
present cannot be carried out since the EPR signal 


of the SCS-Mn( II) complex cannot be detectede 


Finally, in order to show explicitly the 


frequency and temperature dependence Sealy » values for 
the individual correlation rates at four ne mera 
frequencies are shown in Fige II-10. These results were 
calculated from the best-fit parameters of the enzyme-—bound 
Mn( II) ion in Table II-4. Furthermore, using Eqe( II-25), 
the resultant dipolar correlation rates were calculated and 
are shown in Fige II-11 together with the F(t ) for aT 
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EEGURE 1I-19- 
Frequency and temperature dependence of the correlation 
times in Mn(II)-SCS solutions, calculated with the 
parameters listed in Table 11-4 The dashed Lines 
represent the reciprocals of electronic relaxation time at 
four different frequenciese The solid lines represent the 
reciprocals of reorientation time and exchange time 
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The previeus qualitative explanation on the relative 
importance of t,¢! compared to the other correlation times 
is now expressed in detail over the temperature range 
studied (Fige 11-10). The electronic relaxation rates vary 
with frequency and hence those at the tow frequencies are 
comperable to the rotational and the exchange correlation 
rFatese This induces opposite effects on the dipolar 
correlation times and their functions PS AES Pi~-11))%. 
In the figure, at lower frequencies, weed is frequency 
dependent whereas at high frequencies, Pe )is frequency 
dependent. A similar function, I+yo%1,2)7], which also 
appears in the "OM, expression (Eqeo [[-26 ) is very small 
€10-* to 10-©) with respect to unitye Therefore, it 
contributes a negligible amount to the observed rates and 


is not discussede 
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Ee CONCLUSIONS 


From both water proton enhancement (NMR) and M- 
titration (ESR) data, a binary Mn( II )—-SCS complex was shown 
to be present. There are nearly four metal ion-binding 
sites on the phosphorylated enzyme with an average 


dissociation constant of 4.1x10-*M at 25°C. 


The analysis of the water PRR at variable fre- 
quencies and as a function of temperature yields valuable 
information ccncerning the changes around the Mn( IT) ion 
binding sites compared with respect to the Mn(II) ion in 
the enzyme-free state (ieew. the hexaquo-Mn(II) ion). The 
Mn(fI) ions rotate( tumble) much slower once they are bound 
to the enzyme. Consequently, the electron relaxation time 
does contribute to the observed water PRR of the enzyme- 
bound complex. The sensitivity of water PRR measurements 
in the present study shows the validity of the approach and 
technique. Similar approach may Herevolicd to further 
studies in determining the possible ternary and quarternary 


SCS-Mn( II )-substrate complexes. 
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CHAPTER II1t 


43¢ NMR RELAXATION STUDIFS ON THE Mn( II )-ADENOSINE- 
S*-TRIPHOSPHATE COMPLEX IN SOLUTION 


Ae INTRODUCTION 
1. Biochemistry of the Metal Ion ATP Complexes 


Adenosine-5'-triphosphate (ATP) is one of the 
most important coenzymes and a major supplier of energy in 
most biological reactions and organisms (Hutchinson, 19643 
Kit, 1970). An ATP motecule consists of an adenine base, a 
ribose sugar and three phosphate groups as shown in 
Fige III-1 (Todd, 1958). In aqueous solutions at neutral 
PH, most of the ATP motecules (about 80%) exist as 
tetravalent anions (ATP~*), and the rest (about 20%) as 
ATPH-? with the terminal phosphate protonated (Smith and 
Alberty, 1956a)-. At physiological temperature, both anions 
are mainly in the anti-conformation in which the C-8 end of 
the adenine ring is facing the phosphate groups (Danyluk 


and Hruska, 1968; Schweizer et al, 1968). 


In all the enzymatic reactions involving ATP, 
some divalent metal ions, especially Mg(II) ions, are 
always required (Bock, 19603; Kit, 1970). Examples are 


numerous, such as the reactions catalysed by thymidine 
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kinase (Brent et al, 1965), by purine nucleoside kinases 
(Gotto et al, 1964), and by nucleoside monophosphokinase 
(Nakamura and Sugino, 1966; Hiraga and Sugino, 1966). The 
affinity between ATP ert divalent metal ions is very strong 


(Phillips, 19€6) and the resultant metal ion-ATP complexes 
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FIGURE I]TI-1. Formula structure of ATP in aqueous 


solutions at neutral pH. 
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have been shown to be the actual substrates for a number of 
enzymes, such as creatine kinase (Morrison and James, 1965) 
y pyruvate kinase (Reynard et al, 1961; Cleland, 1967) and 


arginine kinase (Uhr et al, 1966). 


Among various metal ions, Mn(€II) ions closely 
resemble Meg( II) ions both in their chemistry (Williams, 
1970; Hughes, 1972) and in their biological effects on many 
enzymes (Vallee, 19603 Daune, 1974). In some cases, Mn(II ) 
ions may even have larger activating or unique effects than 
those of Mg(II) ions, such as the reactions with poly- 
nucleotide phosphorylase (Hsieh and Buchanan, 1967) and 
with pancreatic deoxyribonuclease (Wiberg, 1958). The 
present study is concerned with the Mn(II) ion-ATP 


complexes. 


2- Stoichiometry of the Metal Ion ATP Complexes 


A large volume of thermodynamic and stoichio-—- 
metric data on different metal ion ATP complexes has been 
summarized (Phillips, 1966; Izatt et al, 1971). In the 
case of Mn(II) ions, pH titration studies have been carried 
out on dilute ATP solutions ( 5mM) for two Mn(iI ): ATP 
ratios (10:1 and 1:1) (Taqui Khan and Martell, 1962). 


These researchers proved that the Mn( II) ion and ATP mainly 
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form a 1:1 Mn(II)—ATP complex, instead of either a 2:1 or 
1:2 Mn€ II )-ATP complex. Recent selective ion electrode 
measurements, also on dilute ATP slutions (~1.5mM) with 
several Mn( II) ion to ATP ratios (1:4 to 1:1), also yield 
the same conclusions (Mohan and Rechnitz, 1974). In the 
Nn(I1I)—-ATP complex, the ATP anions exist mainly as ATP ‘*, 
because this anion binds more strongly to the metal ion 
when it is compared to the ATPH~3 anion; for example, the 
formation constant of [Mn(II )—ATPJ]-? is 3.1x106M~!, whereas 
that of [Mn(I1)-ATPH}-! is 3.7x10*M7~!( Mohan and Rechnitzy, 


1974). 


AT higher ATP concentrations ( ~ 021M), self-— 
asociation of ATP molecules becomes significant (Sternlicht 
et al, 1965b).- Nevertheless, these researchers reported in 
the same paper a comparative !H NMR study on 0.35M and 
0-02M ATP solutions in the presence of Mn(II) ions ( ~ 1 to 
QeimM)- Results at both ATP concentrations were found to 
be the same and hence the effect of self-association does 
not affect the stoichiometry of the Mn(II)—-ATP complex to 
any significant extent (Sternlicht et al, 1965b). Never- 
theless, an additional 1:2 [Mn(II)-ATPs]-© complex was 
proposed in a subsequent Mn( II) ion-competition study on 
equimolar AMF-ATP solutions (0.25M) in the presence of 


dilute Mn(II) ions (~ 0.imM) (Sternlicht et al, 1968). 
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However, the original NMR data, which were used to support 
the presence of the 1:2 complex, were irreproducible (Wee 
et aly 1974). Furthermore, the conditions of the proposed 
kinetic scheme iver iac the 1:2 complex have also been 
questioned by Frey and Stuehr (1973). Therefore, in the 
present study, the stoichiometry of the Mn( II )-ATP complex 


is belived to be mainly ina 121 ratio. 


The 1:1 complex may exist in several structures. 
For metal ions including Mg(II ), Ca(II), Ni(II) and Co(II), 
Kinetic studies based on temperature jump (T-jump) 
techniques showed the presence of two equilibrium states 
and hence two kinetically distinct metal ion-ATP complexese 
The first process is represented by the following scheme 
and the related temperature jump relaxation times are 
dependent on the ATP concentrations (Diebler et al, 19603 


Hammes and Levisony i964; Hammes and Miller, 1967): 


+2 4 = (od 
M + ATP_— —— M=—A CPS 


Ib 


ATPH- 3 
(III-1) 


where Mt? stands for Mg(II), Ca( II), Ni(II) and Co(II). 
The M-ATP~? complex can undergo further structural 
rearrangement. In this second process, the relaxation 


times are faster than that of the first process, yet 
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independent of the ATP concentration. The process is 
represented by the following scheme (Hammes and Miller, 
19673; Frey and Stuehr, 1972; Frey et al, 1972 ): 

M—ATP-2 se N= ATP Ret (III-2) 
Several possible structures for the second {M—-ATP~ 2 ]4 
complex were proposed, yet no definite conclusion was made 


based on the kinetic data alone. 


For Mn(II )-ATP complexes, the initial process 
{Eqe(IIlI-1)] leading to the formation of a binary complex 
is also present. The relaxation times from the T-jump ex- 
periments for this process were found to be too fast to be 
measured accurately even at a very dilute ATP concentration 
[<10-*mM]. Hence, only the Limits on the reaction rates of 
the process were estimated. The forward rate (leading to 
M-ATP~*) was > 109% sec and the reverse rate was about 10¢ 
sec at 25°C and at an ATP concentration of 107-*M (Hammes 
and Levison, 1964). At higher concentrations; no new re- 
Laxation times can be detected (Hammes and Miller, 1967). 
Two possibilities were suggested (Frey and Stuehr, 1973): 
(i) the relaxation rates may be too fast to be measured as 
the first process is already at the instrumental Limit, or 
(ii) the second Mn( II )—-ATP~* complex [given in Eqe(III-2)] 
may not exist in significant amount and hence is not 


observede 
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3e Structures of the Metal Jon AIP Complexes 


In an ATP molecule (Fig. III-i), there are 
several potential ligands for metal ion binding, namely the 
oxygens of the gfhosphate groups and nitrogens of the 
adenine base. Therefore, a variety of structures have been 
proposed for different metat ion-ATP complexes (Izatt et al 


» 1971). 


In the case of Mg(EI) ions, the dominant metal 
binding ligands are the phosphate groups (Hammes et al, 
1961; Cohn and Hughes, 1962). Several studies have shown 
that the N-7 nitrogen of the adenine ring may not be 
involved in the metal ion binding. These studies include 
optical rotatory dispersion (McCormick and Levedahl, 1959), 
1H NMR (Cohn and Hughes, 1962) and !15N NMR ( Happe and 


Morales, 1966). 


For Mn( II) ions used in the present study, it is 
generally accepted that the three phosphates are bound to 
the metal ion (Cohn and Hughes, 1962; Sternlicht et al, 
1965a, 1968; Brown et al, 1973). The involvement of the 
adenine ring is still under active discussione Schneider 
et at (1964) carried out a comparative UeVe study on 
adenosine, Mn( II )-adenosine, ATP and Mn(II )—-ATP solutionse 


No significant Mn( II )-adenine ring binding is observed in 
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adenosinee In the case of ATP, which has three additional 
phosphate grours in the ribose compared with that in 
adenosine, only a small fraction of the Mn(II) ions is 
involved in the binding with the adenine ring. These 
researchers then proposed that Mn(II)-ATP complexes exist 
mainly in a structure in which only the phosphates are 
bound to the Mn(II) ion as suggested from other titration 
studies (Taqui Kahn and Martell, 1962; Martell and Sch- 
warzenbach, 1956; Smith and Alberty, 1956a,yb)- This 


complex will be refered to as Mc yATP from now one 


From 4H NMR studies, Sternlicht et al (1965b) 
confirmed rn the adenine H-8 proton of ATP is 
preferentially affected by Mn( II), Co(II), Ni(€il) and 
Cu(II) ions (Cohn and Hughes, 1962). In addition, the 
bindings are not affected by the concentration and self- 
association of ATP. These authors then proposed that the 
adenine ring is also bound to the metal ion [via the N-7 
nitrogen]. This binding gives rise to a backbound complex 
which ee eer by Szent-Gyorgyi (1957). In this 
complex, both the three phosphates and the adenine base of 
the same ATP molecule are bound to the metal ione This 


complex is designated as M ATP #rom Now Ons 


pitty) 


The exact structure of the backbound complex may 


vary even among the transition metal ion series as observed 
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in some subsequent studies. For Ni(II) and Co(II) ions, 
2170 NMR studies on the number of exchangeable water 
molecules coordinated to the metal ion have been carried 
out (Glassman et al, 1971; Kuntz et aly 1972)- On the 
assumption that there is only one type of metal ion-ATP 
complex, both metal ions are shown to be indirectly bound 
to nitrogen N-7 of the base via a water molecule "bridge". 
For Mn( II) ions, another 470 NMR study (Zetter et al, 1973} 
showed that there are about three water molecules in the 
Mn( II )—-ATP complexe Nevertheless, their data could not 
distinguish whether the water molecules are kinetically 
different and hence a similar "bridge" water complex cannot 
be confirmed (Zetter et al, 1973). In these three studies; 
as only the properties of the solvent water were followed, 


a complete metal ion~ATP structure was not worked oute 
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4c Qbiect of the Present Study 


In this study, an attempt is made to determine 
the number of Mn(II)-ATP complexes (or structures) present 
in solution as well as to determine the favorable geometry 
resulting from the NACIIpcadenine ring interactione The 
experiments were carried cut using natural abundance 13C 
NMR techniques which enable more nuclei to be observed when 


it is compared toe the 4H NMR and 3!4P NMR studies. 


*3¢ NMR measurements are now readily accessible 
due to pulsed Fourier transform NMR techniques (Vold et al, 
1968; Freeman and Hill, 1969; Altllerhand et al, 1971). 
Applications of this technique to nucleotide studies were 
initiated by several early !3C line assignment studies 
(Dorman and Roberts, 19703; Jones et aly 19703 Mantsch and 
Smith, 1972). 143C NMR study on adenosine-5'—monophosphate 
with Mn( II) ions has been reported (Kotowycz and Hayamizuy 


1973). 


In the present study, '3C NMR results for both 
the spin-spin and spin-lattice relaxation times are 
obtained. From the spin-spin relaxation times, two types 
of Mn( II )-ATP Sonnlexce are shown to existe These 
complexes, together with the unbound ATP molecule, form a 


three~site NMkK exchange systeme From the spin-lattice re- 
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taxation times, distances between the Mn( II) ion and the 


adenine carbons are worked out. 
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Be THEORY SECTION 


As described in the introduction, Mn(II) ions may 
form one or two types of complexes with ATP molecules. 
Hence, the ATP nuclei may be involved in a two-site or a 
three-site NMR exchange system respectively. Relaxation 


rates for both systems are described in this sectione 


le A Iwo-Site System 


If ATP forms only one type of complex CM, )ATPor 
pened with Mn(II) ions, the unbound ATP and the 
complex, designated with symbols a and b respectively, 


comprise a two-site system: 


(11I-3) 


in which [a] >> [b] as the Mn( II) ion concentration used is 
very small. K ob and ee are, respectively, the NMR 
exchange rate from species a to b and that from bh to ae 

The principles and equations for the spin-lattice relaxa- 
tion rates for a two-site system have been described and 
applied in the enzyme study in the previous chapter. For 
completeness, the equations for both spin-lattice and spin= 


spin relaxation are now described. 
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The contribution of the metal ion complex to the 
nuclear Ty or To relaxation rates is calculated from the 
experimental data using the following equation: 

4 -] -] 

Ts) Ti metal 7 Ty blank 
(III-4) 
where j stands for 1 and 2 for the Ty and To relaxation 


is the ts of the nucleus in 


times, Ty maesi j 


the presence of metal ions and a Appa ews the T, 


of the same nucleus in the absence of metal ionse 


This contribution will be referred to either with 
] 


the symbol Tsp or " paramagnetic relaxation rate" from now 
One For the T,;p—!, the equation is given as Eqe(II-15) in 
the previous chapter. For the Top ', in the case of Mn( ITI ) 


ion complexes where the chemical shift difference, Awy ’ 


between the bound and the unbound nuclei contributes very 


<2 2 
2M Tm Tom 3 Buy 


the equation of Top ! also has a Similar form as that of 


little to the relaxation, ise. (T yo 
Tip? (Swift and Connick, 1962). Therefore, in the two- 


site exchange system involving Mn( II) ions, the equations 


for both relaxation rates are summarized as 
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C(III-5) 


where [bj] is the concentration of the complex, which is 
numerically equal to the initial Mn(II) ion concen=- 
tration [m], since all the metal ions are bound 
under the experimental condition: [ATP ]=0.3M and 
(Mn*2] < 3x10-*M (Taqui Khan and Martell, 1962); 
ots is the nuclear relaxation time when the nucleus 


is in the complex b, and oe is the NMR exchange 


rate as previously defined. 


and k 


ROUEN he are functions of temperature. 


a8) ba 


Therefore, the observed [T. zal may take two limiting forms 
Jp 


€Swift and Connick, 1962; O'Reilley and Poote, 1963; Luz 


and Meiboom, i964): 


Ci) At low temperatures, when the exchange rate is slow, 


Kha << Ve a the relaxation rate is controlled by 
2 


the NMR exchange rates 


=] [b] 
"5p = eee k. 
J [aj e (ILI-6) 
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(ii) At high temperatures, when the exchange rate is fast 


221s rhs the relaxation rate reflects the 
ba aD 


nuclear relaxation due to the metal ion complex: 


k 


za he rte 
jp [a] J3D 


CIrTiI-7) 


The details of |. 5 ane its temperature dependence 
3 


will be described in a separate section( B-3). 
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2. A Ihpee-Site Exchange System 


When both M(p)ATP and M(p+r)ATReomplexes are 
considered, the ATP nuclei are involved in a three-site 
system. Furthermore, the exchange processes among the 
three species Sanne iin Wu and Me p+p)ATP ) may not be 
completely randome As described in the introduction, the 
Phosphate groups of ATP are the primary metal-binding sites 
and the presence of these groups enhances the Mn(II )= 
adenine ring binding. In addition, both bindings are 
intramolecular (Sternlicht et al, 196S5b). Therefore, the 
exchange between the unbound ATP and the backbound ATP 
complex is likely to proceed via an intermediate complex 
M(pyATP e The system is represented by a consecutive NMR 


exchange scheme: 


Allah ALP ———M P 
Saeaeraaa (’D:) Saar Maa 
CILTI-8 ) 
which is symbolically written as: 
K12 ka3 
ae ee ee es 
Ka, K32 
k1i3 
i — es i J (III-9) 
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with the following condi tions: 
(iJ >> C2]: (3). 
and 
kz2>>k3,4 ® Kky2>>ki3 

(Ir1I-10) 
Eqe(III-10) is used to express the consecutive nature of 
the present exchange scheme. Similar to the notations in 
the preceding scheme, the exchange rates are represented by 
Symbols Ky for the exchange from species x to another 
species y ( x, y = i, 2; Bde The temperature dependence 
of the exchange rates can be generalized in the following 


form (Eyring, 1935): 





RT -AH™ i AS 
xy = exp ees ede tL 
Nh RT R 


(ITI-11) 
where R is the gas constant, N is Avogadro's number, h is 
Planck's constant, T is the absolute temperature, 


AH* and Acer y are, respectively, the 
X 


y 
activation enthalpy and entropy for the x to y 
exchange processe 

The magnitude of the relaxation rate due to these metal ion 


complexes is calculated from experimental data as described 


by Eqe(III-4)- The rate is now a function’ of the magnetic 
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properties of both complexes and the related NMR exchange 
rates. The details are described in the following 


subsectionse 


2Ae The Spin-Spin Paramagnetic Relaxation Rate 


From the modified Bloch equations (McConnell, 
1958), several researchers have derived equations for the 
spin-spin relaxation rate for a three-site system and 
Ssimplitied the expressions in various forms (Swift and 
Connick, 1962; Angerman and Jordan, 1969; Hall et al, 


1970). 


In the case of Mn( II) ion complexes, the chemical 
shift contribution to the relaxation is very small when it 
is compared to the corresponding nuclear relaxation rate 
(Bernheim et al, 1959; Swift and Connick, 1962). In 
addition, the present scheme is a consecutive three site 
exchange with the constraints as defined in Eqe(III-10).- 
Therefore, from the general expression derived by Angerman 
and Jordan(1969), the equation for the spin-spin relaxation 


rate can be simplified into the following form: 


bs | ea 
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: ky2F32 *+ ky3Foaz3 
(Taya ttka,y JAZ * Kk23(T2,372t+k3; ) 


(LII-i2} 
where 
F32 = A3T2e2-* + k23T2537! 5 
Foz = AaTae3~* + k32T2e27! ° 
Az = Tar3 * + k3e ' 
A2 = Tae2-* + kay + kag ° 


In the above equation, the spin-spin relaxation time To of 
the nucleus in species x (or site x) is denoted by T2,x 
[x=e1293 in the present scheme ], and the NMR exchange rate, 


k ? has the same meaning as previously definede 


Xy 
The above equation can also be simplified into 


two Limiting forms, depending on the temperatures: 


Ci) At low temperatures, the exchange rates are small: 
k23 << Zesse- 9 
k2e3 + Kaa << Tas2-* ’ 


Eqe(IIi-~-12) becomes 


te2)] 
Tap 4? = ky2 = kaa 


Ci] 
(III-i3) 
It is of interest to compare this equation with that 


for the two-site exchange [Eqe(III-6)]e Both 
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equations are of similar form. They are governed by 
a nines exchange process and hence are independent 
of the magnetic properties of the ATP nuclei. For 
example, when eae b is species 2, koi = ASS 4 
and consequently the temperature dependence of a2 
three-site system may appear similar to that of a 
two-site exchange. 
(ii?) At high temperatures when the exchange rates are 
ltarges 
k32 >> T2s37!, 
k2, >> T2r2~*, 


Eqe(III-12) becomes 





{2] {3] 
Tap? = D2 om eT lg Jt 
Ci] C1]j 


(III-14) 
Furthermore, as the adenine carbon nuclei are 
Located near the paramagnetic Mn( II) ion only in the 
M (ptr) ATP complex (species 3), at this site, the 
nuclear relaxation rate is much enhanced from that 
in the Mey ATP complexe T2,3~4 >> To2,27! for the 


43C adenine carbon nuclei and Eqe(I11I-14) becomes: 


. {3] 
Lope C**C) = mera 24.3 ae 
C1] 
(III-i5} 


However, for the 3!p nuclei, since the phosphate 
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groups ere tightly bound to the Mn( II) ion in both 

complexes, then T2253 = To,z20 

Therefore, for the 3!P nuclei in ATP, Eqe(III-i4) 

becomes: 

(2}*(3] 
C1) 


i 


Tap~*(3!P) T2e2- 


{mJ 
=f) ornreararmes = 4 iret 
[ ATP] 


2 


CIIiI-16) 
where [m] is the total initial Mn( IIL) ion concentra- 
tions since the affinity between ATP and the Mn(II} 
ions are so large that almost all the metal ions are 
bound (Taqui Kahn and Martell, 1962; Mohan and 


Rechnitz, 1974)- 









v@ < : ; i ; | : > : 


‘“ 


jeed at peb | tf hee S08 “apt Peak eon eo tei? — 
, ual ” sag avet 


o 


= 
' 4 » 


io? LLlLid«epa St , a4 tid Oe qt oar part 


castiumous act (rae pa eed, ae i 

(Tt oe aad pee | ThA eeewee? Raseeee a att mite voeo kt | 

saw Jiovem wett Fie rksete 4008 oy at we oa week . 
bus sartod S31, +) eae) OAe ofen, dopey t tains 


eres er tqnow’ ; 





a a) a ae 


ins ‘i : " 

 . rane 7 7 ee 
, : mn i i a - 
a ; 7. F ma le | 


98 


2Be The Spin-lattice Paramagnetic Relaxation Rate 


In analogy to the Top * expressions, the spin- 
lattice relaxation rates for the three-site exchange system 
under study srg shown to have a form similar to Eqe(III~ 
14)- In the fast exchange region, the equation for Tip? 


is 





(III-17) 


where Tix (x=293) is the Ty relaxation time for metal 


complex xe 


The equation has been generally accepted and used 
in the Literature(eege Mildvan and Cohn, 1963; Reuben and 
Cohn, 1970). However, no derivation has been reported. 

The derivation of Eqe(III-17) is therefore included in 


Appendix Be 


The equation for T,yp~! can also be further 
simplified depending on the nuclei under observatione For 
the same reasons as given in section 2A, Eqe(III-17) then 


becomes 


ae 

















cot ooh tential aheiaiaamiimimeaalt 


nige 90) ,seeizeorgRe il “7 er soc east hae 
Jatoee ogvatexe ota teeet ade vie wei an wesranad on 


iit iene 6 kad te eh owonta aes ure saan 
ia 


oyv “ae agoh? aifbs er , oof get Wehidieas anal ous ae = a 
7 ie 
be. 
5 nd es ya. “ust 
i i 5 x 7 ( bi ts ; Fs an 
’ . : ar F Cy 
he oo ee 
bas iis rt emis | ‘yeti ips 7f of? O64 seehe) niet onede i, 
- a 


nt nheanes ae 


vL bae DPatacouna rile. eney Sen Bea alae owe 
liam QOtuuN G00! ste? Bae soak Av aoe tenwd ome oat 


i >a 





sar 


sbetreaest need ead ook 2 ew niet aa A OT GE 5 oO 
; 
ab aowsous enotewmnl? ah (Vi-Tsl pe Mh onan 


" 


shinee Wek igh i 
Sane aa aka ss 


wane 


as : o, 
ghia 7 : 
Sa ee om. 


WW Rid 


et re — 


a ai 








i 


Ade 


C2] 
C1] 


a 





Typ" 4¢%3c) = Tae3 
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(IITI-18) 


(III-19) 
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Je Nuclear Relaxation Mechanisms Between the Mn( II) Lon 
and the ATP Nuclej 


When a nucleus is in the proximity of the Mn( II} 
ion, the main nuclear relaxation is induced by the interac— 
tion between the nuclear spin and the unpaired electrons of 
the metal ion (Solomon, 1955; Solomon and Bloembergen, 
1956). In the spin-lattice (T,) relaxation, the dominant 
interaction is the dipolar coupling, which has been 
described in the previous chapter. Only the relevant 
equations for the mp ese study are summarized heree For 
the present Mn(II)-ATP complexes which are quite small in 
size compared to the Mn( II )-enzyme complexes, the rotation- 
al motion of the complex is rapid and hence dominates the 
dipolar mechanism of the ATP nuclei (Sternlicht et al, 
1965ab; Heller et al, i970; Brown et al, 1974). Hence, 

ce eup from Eqse (1I-21) to (II-24), the spin-lattice 


relaxation rate is 


C 
D i) 
mit hes -] _ 
Ro ] + Ww 2 | 2 
SHR 
(III-20) 


where x stands for 2, 3, or bk depending on the species and 
the exchange system, and the other symbols have been 


defined in Chapter II. 
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At the magnetic field strength (24KGauss or 25-5MHz for !3C 
resonance) used in this study, ig tace >> 1 (Sternlicht et 
gal, 196S5ab). Consequently, Eqe(iII-20) can be further 


simplified into the following form: 








T -] = T =] = : ry 3 
1.x 1M R TR 
2 a: 
= —— S(S+1) g° g° y)°s 
5 po 
(III-2i) 


From this equation, the distance R between the Mn(II) ion 


and the nucleus at site x can be evaluatede 


In the spin-spin (Tz) relaxation, an additional 
scalar coupling also contributes to the nuclear relaxation. 
This interaction is induced by the overlapping of the wave 
Zunctions of the nucleus in question and the unpaired 
eLectrons (Solomon and Bloembergen, 1956). Under the same 
conditions as for the Tam expression , the spin-spin re- 


Laxation rate is 
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CTTiI-22) 


where 


1 | =) 
eer ca) | eee 
: 3 Ms 


In the equation, Ta,x stands for the T2 at species x (x = 
soy OLED). All the other symbols (except A and ie ) were 
defined previously. A is the scalar coupling constant 
which measures the extent of the coupling between the 
nucleus and the unpaired electrons of the Mn( II) ione Te 
is the relevant correlation time of the scalar interaction. 
This scalar correlation time is related to the spin-lattice 


relaxation time of the electron and the NMR exchange 


rates (Bernheim et al, 1959). 


For a two-site system [Eqe(III-3)], the scalar 


correlation time in the Ty b relaxation is 
b) 


C(1i1iI-23) 


By analogy, for a three-site system, the T.) in the T2,37! 
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eelaxation isé; 


(I1i-24} 
where the correlation times and the exchange rates are 
related to the Sires teite procesSe 
Furthermore, in the present consecutive scheme, kK32>>k31; 
the scalar correlation time becomes: 

=| Bie -] 
Spemnee bea S's” bogs? 
n (111-25) 
In some cases [ as was found in the present study and in the 
Mn€ II J-inosine-5'-triphosphate study (Kuntz and Kotowycz, 
1975)], the difference between the scalar correlation times 


given by Eqse (III-23) and (111-25) may be useful in 


identifying the nature of the exchange systeme 
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C. EXPERIMENTAL SECTION 


1. Materials and Sample Preparatj tion 


ATP (disodium salt) of highest grade was obtained 
from Sigma Chemical Companye It was further purified to 
eliminate any metal ion impurities by the following 
procedure. First of all, a small aliquot (1ml) of 05M ATP 
solution (pH 7) was added on the top of a resin column 
€ icmx20cm3 Dowex-5S0, Nat form), which had been cleaned and 
equilibrated in triply distilled watere Then, the ATP was 
eluted down the column slowly with triply distilled water. 
The collected eluate (about 1 litre) was freeze-dried at 


room temperature. 


ATP solutions and stock Mn( II) ion solutions were 
prepared using deuterated water (D20) and triply distilled 
water as solvents: 

(A) For all the 13c T,3 medaunenc wre iin: to 90°C) and 
13C T, measurements at 30°C, D20 was used as 
solvent, Since it provides a strong deuterium 
resonance that can be used conveniently as a lock 
Signal for stabilizing the magnetic field. Measure-— 
ments on samples prepared in D20 and H2oO were 
checked and the resultant Tep values are found to be 


the same. 
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For high temperature (60°C) T,; measurements, D20 can 
not be used as a Bolee ts because when samples in 
D20 (type A sample) are heated at 60°C over a long 
period (518 maenee Significant portion of the H=-8 
Protons of ATP is replaced by the deuterium from the 
Dz0 solvente The intensities of '!3C signals 
decrease gradually with time as a result of the 
diminishing nuclear Overhauser effecte 

The deuteration rate, however, was not rapid 
enough to affect most of the measurements even at 
high temperatures. The !3C Linewidth measurements 
(T2) took approximately two hours. But, for 43c T,; 
experiments, 16 to 20 hrs were required. Possible 
errors in using the decreasing 13C intensities may 
existe Hence, water was used as the solvent, and a 
coaxial capillary containing deuterated benzene was 


then used as a locking signal. 


The ATP concentrations were determined by UeVe 


spectrometry ( molar extinction coetficient = 1.572x10*% at 


260nm at a pH of 7)- They were all 0.3M[ATP]. The metal 


fon solution was added with HeEe Pedersen micropipetSe The 


pH values of all the solutions were rechecked after the 


tast addition of Mn( II) ions and they remained constant. [ 


Lee@e 


The pH meter readings were 7 and 6.6 for the samples 
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in water and in D20 respectively (Glasoe and Long, 1960) ]-. 


Stock solutions of Mn(II) ion were prepared by 
weighing out an appropriate amount of MnCloae4H320 crystals 
(Fisher Certified Grade), and dissolved in D20 (or in H20) 
to a final volume of 25ml. The concentrations were also 
calibrated against a Fisher MNn€NOQ3)2 solution (standardized 
with atomic absorption). The calibrations were carried out 
by measuring the 34P NMR Linewidths on a pair of 5*-AMP 
(001M) solutions with the addition of the stock and the 
standard solutions respectively. The experimental 


uncertainty was +5% in these measurements. 


In all of the work, precaution was taken to 
prevent and detect any decomposition (hydrolysis of the 
terminal phosphate) in the ATP samples. Fresh samples were 
prepared for each measurement and the extent of hydrolysis 
was checked before and after the experiments using thin 
layer chromatography techniques (Randerath et al, 1964), or 
using 71P NMR to measure the relative signal intensities of 
the inorganic phosphate (hydrolysis product) and the 
original ATP rfhosphateso Negligible hydrolysis was 
observed for all type (A) Sanpless Only in some type (B) 
samples, the ATP solutions containing Mn(II) ions 
hydrolyzed slightly (maximum detected ¢ 10%) due to many 


hours of heating at 60°C. However, the data were checked 
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fer this effect. Measurements were first carried out at 
32°, then 60°, and then again at 32°C. Results were 


reproducible within experimental error (+8%). 


In all the 4#3C and 4H NMR studies, the relaxation 
rates of blank ATP solutions with the same ATP 
concentration as the Mn(II ATP solutions were usede The 
paren cnote relaxation rates were then calculated with 


Eq-(III-4) using the results from both solutions. 


2- 13¢ NMR Measurements 


Natural anuundance proton decoupled !3C NMR 
spectra were obtained in the Fourier transform mode on a 
Varian HA-100-15 NMR spectrometer (25-15 MHz) interfaced 
with a Digilab FTS/NMR-3 data system, the Nova 1200 
computer and the pulse unit (FTS/NMR 400-2). For type (A) 
samples in deuterated water, the deuterium resonance of the 
solvent was used as the lock signal. For type (B) samples 
in water, the deuterium resonance of deuterated benzene in 
a coaxial capillary was used. All measurements were 
carried out under controlled temperatures using the Varian 
temperature control unit and were calibrated with a 
thermocouple before and after each rune Samples were put 


in the probe at least 20 minutes before the measurements 
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were begun. 


Spin-spin relaxation times were measured from the 
Linewidths at half height from the Fourier transformed 
spectreac For each spectrum, 2,000 free induction decay 
(FID) signals were stored in 16K (16384 bytes) over a 
corresponding frequency domain of 4000 Hze The Digilab 
system yields 16K data points in the transformed real 
spectrum by zero filling and carrying out a 32K transform 
€ 0.25 Hz per byte over 4000 Hz). The pulse widths and 
noise~decoupler offset values were optimized by maximizing 
the signal intensities at a reduced power Level of the 


noise-decoupler. 


Spin-lattice relaxation times were evaluated from 
proton decoupled partially relaxed Fourier transform 
spectra obtained using the (180°< tT -90°-5T,-), pulse 
sequence (Vold et al, 1968; Freeman and Hill, 1969; 
Allerhand et al, 1971)-« For each spectrum, 500 FID signals 
were accumulatede For short values of Ty (<QOe2sec), a 
triple pulse sequence, C305 -STe-1807— t -805-571), was used 
(Freeman and Hill, 1971) to improve the accuracy of the 
measurementse Each spectrum was obtained from 5,000 FID 


signals and each experiment was repeated twice. 


A typical set of partially relaxed FeTe spectra 
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for the adenine carbons with different + values is shown 
in Figo IlI-2- Least squares analyses (Appendix A) were 
carried out on the data from fourteen different T set= 
tings, which yielded Ts values with standard deviations of 


less than 8%. 


In all these experiments, the pulse widths used 
were 100 microseconds and 50 microseconds for the 180° and 
90° pulses respectively. The 4#3c pulse frequency was 
offset in a way such that the signals to be observed were 
within 1500 Hz from the carrier (Jones, 1972). Therefore, 
for ATP, the carbon signals in the adenine base region and 


the sugar region were measured separately. 
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FIGURE III-2- A sample set of %3¢ NMR spectra of Ae 
adenine carbons of ATP, obtained in a 180°- 1-90° pulse 
experimente The experiment was carried out at 25.i15MHzZ, 
30°C and proton-noise decouplede The sample contained 
0.3M ATP in D20 at a pD of 7-0- The top spectrum is a 
normal Fourier transformed spectrum at 3 >> STiye The 
ether spectra are the partially-relaxed FeTe spectra at 
various tT settingse Each spectrum was obtained by 


Fourier transformation of 500 free induction decaySse 
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3e 3H NMR Measurements 


The water proton linewidth measurements were made 
on a Mn( If )-ATP and a blank ATP solutionse Both solutions 
contained 0.27M of ATP and the [Mnt2] in the Mn(II)-ATP 
sample was 9.9x107~®M. The experiments were carried out in 
the continuous wave mode using a Varian HA-100-12 NMR 
spectrometer (100.0 MHz)e A trace of DSS (sodium 2,2> 
dimethyl-2-si Lapentane-5-—sulfonate) was used as an internal 
locke The temperature was also calibrated using a 


thermocouple. 


The Ty experiments for the ATP protons were 
carried out in Fourier transform mode using a Varian HA= 
100-15 NMR spectrometer (100-0MHz)e The specifications of 
the spectrometer have been described in the previous 
section (C-2).« The 180°— 7 -~9Q° cate sequence was also 
used, but only one scan (FID) was sufficient for a good 


Signal to noise ATP proton spectrum. 
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De RESULTS 


The 43C NMR spectrum of ATP is shown in Figo 
IfI-3e The adenine ring carbon signals were assigned on 
the basis of the earlier work on nucleotides and 
nucleosides (Dorman and Roberts, 1970; Jones et al, 1970). 
The ribose carbon resonances were assigned according to the 


work of Mantsch and Smith (1972). 


On progressive addition of Mn(II) ions, the 43c 
Signals for the ribose carbons were not affected. However, 
the adenine ring 43C resonances showed specific effects. 
The results € reported as Typ! and Top!) are plotted vs 
the total Mn( II) ion concentration in Fige III~-4 and 
Fig. III-5 respectively. From the figures, it is seen that 
the C-5 and C-8 resonances were most strongly affected on 
the addition of Mn( II) ions. The data in these figures are 
normalized to a constant [Mnt?@] /[ ATP] ratio and are 


summarized in Table III-1. 
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De RESULTS ( CONTINUED) 


Spin-spin relaxation rates, Top~1, were studied 
as a function of temperature. In Figo III-6, the values of 
Tap-! for carbons C-5, C-8, C-6 and C-4 are plotted against 
the reciprocal of the absolute temperature. Carbon C-2 and 
the ribose carbon resonances remained unaffected by Mn(II) 


ions throughout the temperature range studied. 


Spin-lattice relaxation rates, T,;p~'!, for carbons 
C-6, C=-4, C-8 and C=-5 were also measured at a higher tem= 
perature (60°C). These T,;p~! values are tabulated in Table 
III-2 together with the data at 32°C for comparison 


purposes. 


The T,p~! values for protons H-8 and H-2 were 
measured using tH NMR techniques at both of these tempera= 
turese The results are in agreement with those of 
Sternlicht et gl (1965b). The proton data as well as the 
3ip Typ"! data for the a and ¥ 3'!P nuclei obtained by 
Sternlicht et gl (1965a) are tabulated in Table III-3. 
Finally, Tzp~! values for the water protons in the Mn(II )= 
ATP solutions were measured over the same temperature 


rangese The results are plotted in Figs III-7~. 
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TABLE III-3. The Typ! Temperature Dependence of the !H 


and 7!p Nuclei in ATP. 





TC °C) Tip 4( sec! ) 


32 41.0+4 9e8+1-0 12 


60 19-042 4224025 $e9 


Tap 4¢(32°) 
ratio 262 Zea 2-0 
Typ 2( 60° ) 


——— 


t The 'H nmr experiments were carried out in H20O at a pH 
of 7-0. [ATP] = 0630 M; [Mnt*2]/[aTP] = 3.9 x 10-* for 
H-8 and 9.2 x 10-* for H-2. Different Mn(II) ion 
concentrations were used in studies of the two protons 
to increase the accuracy of the measurementse 


* The 3!Pp data is from Sternlicht et al (1965a).e The 
experiments were carried out in H20 at a pH of 9.0, 
(ATP] = 0635M and [Mnt2]/{[aTP] = 1-1x10-*. 
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FIGURE IJI-7. The temperature dependence of the water 


proton transverse relaxation times in a Mn-ATP solutiono 
The experiment was carried out at 100.-0MHz in continuous 
wave modee The solution (pH7.0) contained 0.27M ATP and 
929x10-®M MnCla2 in triply distilled watere The curve is 
the calculated sum of the two straight lines evaluated 


using Eqe (ILTI-29)-e The fH50 and € are defined in 


Eqe (III~-29)-~ 
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The ribose carbon nuclei of ATP were not affected 
by Mn( II) ions, but those of the adenine base showed 
selective effects [Figs. (III-4) and (III-5)]. 
Qualitatively, the data suggest that the adenine ring of 
the ATP molecule is interacting with the metal ion, and the 
ribose carbon nuclei are not involved. Similar changes 
were also observed in adenosine-5S'-monophosphate in the 


presence of Mn(II) ions (Kotowycz and Hayamizu, 1973). 


As described in the theory, the observed relaxa= 
tion rates (T,yp7~4 and Top!) may be the results from either 
the two-site or the three-site systeme Before the 
calculations of metal-carbon distances can be carried out 
from the Typ results, the temperature dependence of Top? 
has to be considered in order to determine the appropriate 


exchange scheme for the Mn(II )-ATP system. 


The results of the spin-spin relaxation rates 
shown in Figs (III-6) fall into two regions: 


Cid A high temperature region (1/T<3.4x102) in which 
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different carbons have their characteristic relaxa= 
tion ratese 

(ii} A low temperature region (1/T > 3.4xi103) in which 
the Tap~! rates shew a change in slope and begin to 
converge to a constant value at low temperatures. 
As these carbon nuclei are in the same adenine ring, 
this dependence indicates that the observed Tzp—! 
rates are approaching the slow exchange Limit which 
is governed by a characteristic exchange rate 


[ Eqe( IilI-6) or Eqe( IIi-13)]. 


In the low temperature region, a Similar tempera- 
ture dependence of Top? relaxation rates was observed for 
the adenine protons and the Phosphorus nuclei of the 
Phosphate groups (Sternlicht et al, 1965ab). These workers 
then suggested that a two-site exchange is adequate for the 
Mn( II )-ATP system and that one type of metal complex in the 
form of Wenea eee? exists (Sternlicht et gal, 1965b). 
However, the low temperature data are not conclusive as 
suggested in the theory section [ Eqe(III-6} and (111-13) ]j, 
Since the relaxation rates may just be controlled by a 
certain NMR exchange rate. To show this feature, the 71tp 
T2p-4 data obtained by Sternlicht et al (1965a) are plotted 
as the solid straight Line in Fig. (III-6). It is seen 


that the !3C relaxation rates also behave in the same 
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manner in this low temperature regione 


At higher temperatures, the 3!P Top! relaxation 
rates oe still in the slow exchange region (Sternlicht et 
at, 1965a), and the !H Tap~! relaxation rates are 
controlled by the dipolar interaction whose temperature 
dependence is dominated by the rotational motion of the 
whole Mn(II)-ATP complex (Sternlicht et al, 1965b). 
Therefore, no further information on the exchange processes 
can be obtained. However, the 43C Top~! relaxation rates 


are different. 


Inspection of Eqse (III-21) and (III=-22) shows 
that the contribution of the dipolar interaction to Top! 
relaxation can be estimated from the magnitude of the T;p~* 
relaxation (Bernheim et ae 1959), namely, the first term 
in Eqe(III-22) is 7/6 of the Typ~! value. From the !#3c¢ 
results (Table III-i), it is seen that the magnitudes of 
Top? are always larger than those of Typ~’ , especiaily 
for carbons C-5 and C-8. Therefore, to a good 
approximation, the observed 43C Tap~? in the high tempera- 
ture region (Fige (III-6)3; 1/T<3.4x103) are Son reeites 


mainly by the scalar mechanism. 
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2e Ihe Temperature Dependence of Tap-! 


The analysis will be started first in terms of a 
two-site exchange process and it wilt be shown that a 
three-site exchange process is most consistent with the 
data. In the case of a two-site exchange, since the scalar 
mechanism dominates the nuclear spin-spin relaxation, in 
the high temperature region, the observed relaxation rate 


Dene. [| Eqsae CIlti-7 \mand ( I1I-22)] becomes: 


= —— = ——— | — s(s+1)(-_] |, 
alt [a] 25 [ATP] | 3 + : 
where a) “ , = (ILI~26 ) 
Te 3 et” ae 


The magnitude of the exchange rate nee has been determined 
from the phosphorus exchange study and is about 
2¢3x105sec™! at 27°C (Sternlicht et al, 1965a)- The 


electronic spin-lattice relaxation rate T = is in the 


1S 


order of 10?’ sec”! at the same temperature (Reed et al, 


1971)-e Therefore, i = Is y and the observed Toap7! 


relaxation rate becomes: 


ie ales Sse ae 
= —— + 
ae FAuP mins 





(III-27) 
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The principles of electronic relaxation have been 
described in the previous chapter. According to 


Bloembergen and Morgan (1961), T is governed by: 


1S 
&% 2 Ty et 
T1s ee St 1) S =" 34] + 
90 () =e Neat ] id Ave ty. 
where = fe) (III-28 ) 


Ty eXP ( Ey JERT) 


A is the zero field splitting energy (in Gauss) 

and the other symbols were defined previously. 
In the above equation, only the ja of 195 Gauss and ie of 
8.5x10-!2sec (27°C) have been reported from EPR studies on 
Mn(II)-ATP solutions (Reed et al, 1971). In order to 
determine the temperature dependence of the electronic re- 
laxation time over the temperature range used in the 
present study, water proton experiments were carried out. 


The T2p—! relaxation rates of the water protons in the 


Mn(II)-ATP solution are now considered. 


In an early study on water protons in dilute 
Mn( IIT) ion solutions, Bernheim et al (1959) showed that the 
proton relaxation rates Top~! are always in the rapid 
exchange regionudnd are dominated by the scalar mechanisme 


By taking the reciprocal of Eqe(III-26), these researchers 
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Showed that the data can be conveniently analysed in terms 
of the exchange rate and the electronic relaxation rate 


using the following equation: 





2p as 0 mS 
Carat: 2 CoRet 
H50 H0 
(IITI-29 ) 
where n [Mn] ] A ¢ 
£ = PO Se iy be 
H50 [H,0] ; 3 fi 
c Ho 0 
In the last term f » n is equal to 3 as the number of 


exchangeable water molecules in the first coordination 
sphere of the Mn(II) ion is close to three in the presence 


of ATP (Heller et al, 19703 Zetter et al; 1973). 


The individual temperature dependence of “H,0 
and Tis is governed by equations (III-11) and (III-28) as 
described previously. By means of these equations, 
together with an appropriate set of trial parameters, the 
magnitudes of the two terms in Eqe(III-29) were evaluated 
and are shown as straight lines in Fige (III-7)-. The best 
fit to the data was obtained by adding the two lines and it 
is shown as the solid curve in the figure. The parameters 
used are listed in Table III-4, together with those 


obtained from dilute Mn( II) aqueous solutions. 
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TABLE IJI-4. Parameters obtained in the Water Proton Top 


Analysist. 


ee ee 


Mn( II )—ATP Mn( ITI )—-H20 
Solutiont Solution 


Oe 


AH! kcal/mole « 84 7a5 ee J oRD° 
AS cal/deg «2 2.3 (33% }; treas° 
A/h HZ cecececes 4.6x105 2.0x105 21.0106” 


peea7®) SCC eeeoae 8.5x1090-!¢2 x 3e2x10-12532.4x10-12” 


E Local /molenue = 6 3690 


a 


+ Experiments were carried out on a solution with [ATP] = 
0.3M and "H0 = 1.1x10-*. The proton frequency is 
100.0MHz. 

* Value from Reed et al (1971). 

B Value from Bernheim et al (1959), 

56 Value from !’7C NMR study (Zetter, et al, 1972). 

“ Value from Bloembergen and Morgan (1961 ).« 


[ Value from Rubinstein et alt (1971). 
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After determining the temperature dependence of 
the electronic relaxation time, the high temperature 
dependence of !3C Tap! can be evaluated from Eqe(II1I-28) 
[by varying the term iWisale A typical trial to fit carbons 
C-8 and C-S is shown as the "dashed" Line in Fige III-8.~ 
The low temperature dependence of T2p-! is shown as the 
line labelled with ka; [2]/[1] in the figure. The slope of 
this line is taken from Sternlicht et al (196Sa) for 
reasons explained in the previous section (E-1 ). Then, by 
using Eqe(III-5S), the resultant (overall) temperature 
profile of Top~! can be evaluated. It was found that no 
matter how we changed the magnitudes of the two Lines, the 
predicted profiles all had, in the high temperature region 
( 2 40°C), a slope similar to that of the dashed Line. 
Similar trials to fit other carbons failed due to the same 


reasonSe 


Another possible explanation for the peculiar 43c 
Top? temperature dependence may be due to the contribution 
of the chemical shift effect which has been generally 
negligible in most Mn( EI) ion complexes. In other words, 
the validity of using Eqs.(III=-S) and hence (ILI-26,27) for 
analyzing the observed data requires the following 


condition (Swift and Connick, 1962): 2 


Gigeciaire >> Awy 
















ea : 
_ 
“ov «87 ealnieseteds tTF 
: ee a _& 7 
' oi ,aelt nosteanaser olaox?s 
TF : ' =—— » b * assi owe au m0 i '~@eT yf 6 : igi ee z 
“6 : i re 
footayd A »fa\A mre? edt sahil 
tae" act wa ovore et eo bee | 
ro gweh oaeqge@eb ent ax eqne? vol 
; 7 _ 7 
» TERI ES) eat atte petledal ea 
? ifjmwae? & ‘ ‘a aes? el 
e ia 
Gt i i'l bonlaiqre 
a 14? Fag + 6? af 3 
re ed ‘neo ‘“~“q:T 
2» of% beygrado ew wod vod tem i 
‘ : shalom. 
‘ , i = 
J _ e eo! kheorzg betolba : a 
ar ose 
* ,inmie @eq0o48 & 
s3a8to Fit of elain? 14 
°® 
' 
~ 
9&4 an kSivoeq str r0% no itsnsiqus #Jdieeog tedtonk 
a4 
aoltudiatwve> oft of Stb aa eae sorabneqat ewe oneqaee = 3eT 


v 


rae 
‘wiiasanreasgR asec fi moide ta iain #3 ieolmeda oat 


Lake nes ify. 
’ throw sedro al aJIq — aps A Pak t ou wis d Hiaisy a 
: - if. : pal 


a 
7 pte ae 
ot (tc,ak~it I 3 apm vit bos { a » aad gndaen “ ro “7 e Pee 
a : | | 















Sree 


i 


7 wabwot tor es nae 
‘ ee 








by iw a 


130 








: 
i. " 
2 
_ = 7 
ran. “3 © 7 sas 6C* «<t +4 wWeee 
ay) Bét77 aw er itiats e."2 al @ 
, . 
- efuee ot? ci by vege ie ty 
— 
L 


= 





©4XO}% BYU} UT peSsSsNosTp se SeuT. 2UBTCIZS BYR YZRIM pezZueseddes eue SAINT SUYy 
OO} SOnzVA BuTyZRTwMtTy, suL e[Seposto pF zOS R-d $sSe79AFO uedo S-0]} 8=0 pure GS-5 Fe ,ONU 


uoqie2 oeuRr Jos g—2 FL yo souepusdep ein, vsadusz eur yo sTsAyzeue sUL °S-Trl aanoia 


130 a 


Ov 


9¢ 


(| Yo) es x c0l 
yAt 


82 


ve 











>. . 
wOsys tebe eces | 


ote Pree gn *Hegaeg A 


mys 6 wt -4eeg 2a6 pe 


; alk | 
os 8.£ st 6.8 


Peo t * ey 


131 


in which the A wry term is given by Bloembergen (1957) as: 


A S541) 
Awy = a = Mae eo ( 6 a 
4 i Brkoah 
where kK is Boltzman's constant, A/his the scalar coupling 


constant ( Hz ) and other symbols have been defined 
previously. To justify the above condition, the magnitudes 
of these parameters ( Awy ; Tom > Th ) were estimated 
under the present experimental conditions { 25.15MHz for 
the !3c and in the high temperature regions ( = 30°C) ]j. 
Assuming that the scalar coupling constant for the 13¢ 
nuclei may take the maximum value of 10® Hz as observed in 
the coupling between the Mn(II) electrons and the 31ip 
nuclei of ATP (Sternlicht et al, 1965a) { Subsequent results 
(Table III-S) show that the constants are about 5x105 Hz], 
the buy is 9x10% Hz?, calculated with the preceding 
equation at 25-15MHz and at 40.0°C. At this temperature, 

Toy is 5x10©sec~!, calculated from the scalar term in 
Eqe( III-26) in which the value of a is 4.3x107®sec 
[calculated from the results in Table IlI-4]e Finally, at 
the same temperature, the NMR exchange rate is 10° sec7! 
calculated from Sternlicht et al 3!P data (1965a)- Hence, 
the product (Toy’ t,) lis 5x10!2 secm?, which is much 
bigger than the Ay? (9x108 Hz?). Therefore, 


Eqse(IITI-5,26 and 27) are valid for the present case and 


the chemical shift effect also does not affect the 13¢ 
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relaxationse In summary, & two-site exchange is not likely 


from the present findings. 


3e The Three-Site Scheme 


3Ac The T2p~! Temperature Dependence 


In the three-site scheme presented in the theory 
section, the 43C Tap~! relaxation rates may be in the 
following regions: 

Ci) In the high temperature region, from Eqe(III-15), 


the rate is: 





(a) Mh oan) le asi S351 Yoon 

To Die en Togs ae ° A uF 
Ci] [ATP] 3h2 

where -| _ aa] . (I1Ir-30) 
rerivation Simms Nae 


C ii) In the low temperature region, from Eqe( III-13), 


the rate is: (24 


Tap-+ = —— kaa=lM( py ATP] | K21 
[ATP ] 


(III-3i1 ) 
The overall paramagnetic relaxation rate at every tempera-— 


ture may be approximated by adding the reciprocals of the 


limiting values from these equations. Therefore, the tem- 
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perature dependence of Top! is then a function of the 
exchange rates ko21, K32 and the electronic relaxation time. 
Inspection of the related equations shows that there are 
several parameters that govern the temperature dependence. 
Nevertheless, some of them have been determined. As shown 
previously [section E1], the values of Tap-! for the 31p, 
4H and 13C nuclei in the low temperature region actually 
reflect the same exchange process. Hence, part of the tem- 
perature variation of Tap 1, ieee that of ko, in Eqe(III- 
31), is the same as that obtained from the previous 3!1P NMR 
observations (Sternlicht et al, 196Sa). Furthermore, the 
temperature dependence of the electronic relaxation time 
can now be evaluated from the parameters obtained from the 
water proton experiment (Table III-4). Consequently, the 
parameters to be determined reduce to the following: 

(i) The concentration of complexes [2] and [3]; 

(ii) The individual coupling constants A/h(Hz)3 

(iii) The activation parameters that govern The ka3 


exchange ratee 


Using the above procedures and varying the three 
groups of parameters, a fit to the carbon C-8 and C-5 data 
is plotted in Fig. III-8. In the figure, the labelled 
straight lines represent the Limiting values of the 


-] 


corresponding relaxation rates for k32, Ko, and Tis 
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individually. The calculated results on the basis of this 

analysis are shown as the solid curve in the figure. A 

satisfactory fitting to the data for the other carbons was 

similarly obtained shdveite se results are plotted as solid 
curves in Fige IlII-6. The parameters used in the analysis 
are as follows: 

(i) The distribution of the Mn( II) ions in ATP is 
(2] = 0.80[Mnt2] and [3] = 0.2{Mnt?2]. The uncertainty 
is estimated as +0.06[ Mnt2]. 

(ii) The coupling constants A/h for the carbon nuclei are 
listed in Table III-S. The magnitude of these 
constants are comparable to those observed in Mn( II) 
ions with 13C of pyruvate (Fung et al; 1973), 470 and 
1H of water (Swift and Connick, 1962), and 7!P of ATP 


(Sternlicht et al, 1965a). 


TABLE IJI-Se Scalar Coupling Constantst between the 


Adenine Base Carbon Nuclei of ATP and Mn( II) ione 


c-8 Cc-5 Cc-4 C-6 


A/h CHz) 429x105 4.9x105 2¢8x105 1-2x10% 


#¥ The values are obtained from the fitting of the data in 


Fige TiI-6. 
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(iii) The activation parameters and the resultant NMR 


exchange rate k32 at 27°C are listed in Table ITI-6. 


TABLE JJI-6. The Activation Parameters and the NMR 


S 


Exchange Rate for the 3 == 2 Process in the Mn( II )-ATP 





System.f 


a 


+ - 
AH (Keal/mole) AS (cal/deg) kK32(sec—! ) 


Waal -1.2 2e1xX10"(29-C) 


Sa a a a 


$+ The solution composition is {ATP] = 0.3 M; 


(un*2] = 7.6x107* Ms; [2] = 0.8 (Mn*2 ]; 


eS) 5= 2052 5 (rnieesys 


3B. The Typ! Temperature Dependence 


Further information can be obtained from the 
comparison of the spin-lattice relaxation rates as a 
function of temperature for different ATP nuclei. The 3ip 
Tip! values decrease two-fold when the temperature 
increases from 32°C to 60°C (Table III-3)- In this high 
temperature region, the rate is governed by Eqse (III-19) 


and (III-21) which are summarized as: 
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foie 25 (SP 1) aga 
Typ 4(31tp) = el ee eS ie oe Tp 
[ATP] 5 po 


(ITI-32) 
In this equation, the possible variables which can change 
with temperature are the concentration of the metal 
complexes [m] and the rotational correlation time Tpit. 
Since the binding between the metal ions and ATP is very 
strong, the former term [m] is invariant with temperature. 
This property is indicated by the large overall formation 
constant and the small enthalpy of formation for the 
complexes [ Ke =e Jel xlOCNe (255C )eand 4H = =3.0Keal mole7! 
(Mohan and Rechnitz, 19743; Taqui Khan and Martall, 1966) ]. 
Thus, the temperature dependence is due to the rotational 


correlation time ays) e 


A similar decrease in the relaxation rates with 
temperature was observed for the !3C and !H nuclei (Tables 
Il1I-2 and III-3). For these nuclei, their relaxation is 
governed by Eqse (III-18) and (ILI-21) which are summarized 


as follows: 
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Typ -4(43c or 4H) = 





{ ATP ] 

(III-33) 

Similarly, the temperature dependence may be due to ‘ie, or 
the concentration of species [3]. The latter term could 


vary if a redistribution of the Mn( II )-ATP complexes in the 
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7) Femme 3 equilibrium occurs with temperature. Neverthe- 
less, from the preceding analysis of the Top ! data, the 
concentration of species 3, [3], is equal to 0.2[m] over 
the whole temperature range and therefore is a constante 
Thus, the consistent explanation to the present comparison 
is that all the ATP nuclei have a very Similar re ee 
time TR and hence exhibit the same temperature dependence. 
This result further supports the presence of the backbound 
complex in which the Phosphates and the adenine ring nuclei 


are intramolecularly bound to the same Mn( II) ion 


(Sternlicht et al, 1965b). 


4- Geometry of the Backbound Mn( JJ )-ATP Complex 


According to Eqe(III-33), the observed spin- 
lattice relaxation rate Tip! is a function of the nuclear 
relaxation in the backbound complexe The data in Table 
IlI-1 can therefore be used to estimate the Mn( II) ion to 
carbon distancese From the preceeding discussion, (s°) of 
the phosphorus nuclei gives a consistent explanation for 
both 43c and 'H relaxation rates. Furthermore, the use of 

1s) to stand for the overall dipolar correlation time, 
3 


c » is justified by considering the relative magnitudes 


of all the relevant correlation times (at ade Pe Fe 
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= 


(i) The rotational rate, Tp ’ 


is 1x10%sec 7! (Sternlicht 
et al, 196S5a). 


(ii) The exchange rate, k32, is 2e7x10’sec~!( Table III-6). 
-] 

Sp 
(24KGauss), calculated with Eqe(III-28) and using the 


(iii) The electronic relaxation rate, is 2x10’sec~! 
relevant parameters Listed in Table III-4. 


Since 


therefore, the value of ‘'R (1x107%sec) can be used in 
Eqe(III-33) for the calculations. In addition, another 
value of 3x10~!°sec, corresponding to the rotational time 
of the water protons in a hexaquo-Mn(I1I) ion complex, was 
used in the early 'H NMR studies (Sternlicht et al, 1965b). 
Therefore, both values of Tp were used to calculate the 


distances and the results are summarized in Table III-7. 


In Row I of the table where >) of the water 
protons is used, the distances are so short that the Mn(II ) 
ion cannot be located properly. For example, the distance 
from the C-8 carbon to the Mn(II) ion is 2e5A which is even 
shorter than that between the water protons and the Mn(II) 
ion where there is direct coordination (Reuben and Cohn, 


1970). However, when Tp of the phosphorus nuclei is used, 
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the results (Row II) give a set of distances which suitably 
Locates the Mn(II) ion close to the N-7 nitrogene Also 
with this value, the proton to Mn( II) ion distances were 
recalculated from the data of Sternlicht et al (1965b), 
using the concentration factor {3] /J[ ATP] instead of 
(Mnt?]/[ATP]. All these distances agree very well <A 
those (Row III) predicted from a model backbound complex 
(Fige III-9)- In the model, the predicted distances were 
calculated by placing the Mn(II) ion 2-3A from the nitrogen 
N-7 and in the same plane as the adenine ringe The bond 
angles and bond lengths of ATP used in the calculations 
were obtained from earlier X-ray studies (Kraut and Jensen, 
1963; Kennard et al, 1971)- According to the geometry 
(Fige ITI-9), a "bridging" water molecule is not present 
between the Mn(II) ion and the N-7 nitrogen in the 


backbound complexe 


Finally, the question of whether the nuclear 


relaxation rate Ty,2 ~! due to the Mn(II) ion in the 


Mi yATP complex can be neglected with respect to the 


p 


Tiy3 ! relaxation rate must be answered. First of all, the 


distance between the Mn( II) ion and the N-7 nitrogen of the 
MY yATP 


adenine base for the complex is estimated. As 


p 
there are nearly three (kinetically equivalent) mobile 


water molecules exchanging between the solvent and the 
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FIGURE [IJ-9. Proposed structure for the Mn( II )-ATP 


Rackbound complex in solution. 
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coordination sphere of the complex (Zetter et al, 1973), 
hence, the closest separation between the Mn( II) ion and 
the N-7 must te large enough at least to insert a water 
molecule. Also, the distance between N-7 and the proton of 
this water molecule cannot be shorter than the Length of a 
hydrogen bond, otherwise, a slowly exchanging or non- 
equivalent water molecule should be detected for the 
Mn(II)—-ATP systeme This distance is therefore chosen as 
3A, since the hydrogen bond length is as large as 3A 
between the water protons and the ATP nuclei in the solid 
state (Kennard et al, i971). The average distance between 
a Mn( II) ion and the water protons in the first 
coordination sphere is 2-8A, as described in the previous 
chaptere Therefore, the Mn(€II) ion to N-7 nitrogen 
distance is taken as 5-8A, assuming that the metal ion, 
the hydrogen of the water and the N-7 nitrogen of the 


adenine base are colinear. 


Then, following the same approach as was used for 
the preceeding model calculation except now the Mn(II) ion 
to N-7 distance is 5-8A instead of 2-3A, the Mn( II) ion to 
the adenine carbon distances are calculated and are also 
listed in Table II1I-7 (Row IV)-e- These distances are much 
longer than those of the backbound complex (Row II )e 


Furthermore, the relative magnitudes of the paramagnetic 
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ice an relaxation rates for the two complexes, Ty,2~! / 

Ti 5372 » can be estmated by taking the ratio of these 
distances [Eqe(III-33) ],iee. { R (Row II) / R (Row IV) jhe 
This assumes that the other parameters in Eqe(III-33) for 
both complexes are the same. The ratios are 0.032, 0.025, 
0.016 and 0.011 respectively for C-6, C-4, C-5 and C-8. 
Hence, the maximum contribution from T1,2~1 estimated from 
the Mn yATP model is only about 1% to 3% of the T1,3 2 
values for the backbound complexe Therefore, the 
contribution from Tiyo 2? is neglected in the present data 


analysis. 


Fe CONCLUSTONS 


A consecutive three—site NMR exchange mechanism 
is used to interpret the 13¢ data. The results suggest the 
co-existence of two Mn( II )—ATP complexes ina ratio of 80% 
to 20%. Other minor complexes may exist as a result of 
bindings at other adenine nitrogens or even the ribose 
oxygense Nevertheless, the fraction of these complexes, if 
present, is much less than 5%, and hence very difficult to 


detect using NMR paramagnetic relaxation techniques. 


The formation of the backbound complex, 


irons alle + Proceeds via an intermediate complex Mc py ATP 
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in which only the phosphates are bound to the Mn( II) ione 
The NMR exchange rate between the two complexes is very 
fast (k32 = 2.7x10’sec~! at 27°C) when compared to that 


between Me y ATP and the unbound ATP (koqy = 2.3x10%sec™! at 


p 
27°C) (Sternlicht et al, 1965a). The presence of the 

phosphaterMn( II) ion binding facilitates the secondary 
ring-Mn( II) ion binding. This is in agreement with the 


fact that adenosine does not bind Mn( II) ions (Schneider et 


al, 1964). 


The intermediate complex accounts for 80% of the 
Mn( II)-ATP complexese Consequently, most of the Mn(ITI) 
ions have three coordination sites for the water solvent 
molecules (the three phosphates account for the other three 
sites). This number agrees with other indirect studies 
based on !7C NMR (Zetter et al, 1973) and 'H NMR (Heller et 
al, 1970). The remainder (20%) is the backbound complexe 
Hence, the adenine-ring-Mn(II) ion interaction may not be 
large enough to be detected by the kinetic study (Hammes 
and Miller, 1967). Nevertheless, the presence of both 
complexes may explain the similar yet not identical 
properties of Mn( II) and Me(II) ions in the presence of 
ATP, since for the Mg(II)-ATP complex, there is no ring in- 


teraction as described in the introductione 
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CHAPTER LV 


SELF ASSOCIATION OF FOLIC ACID IN AQUEQUS SOLUTION 
BY PROTON MAGNETIC RESONANCE 


Ae INTRODUCTION 


Folic acid (Latin, folium, leaf) is a widely 
distributed vitamin which was first extracted from spinach 
leaves (Mitchell et al, 1941; Angier et al, 1946). In 
aqueous solutions at neutral pH, folic acid exists as a 
divalent anion, folate, as shown in Fige IV-1-(A) (Albert, 
1953; Pastore, 1971). It consists of three characteristic 
building units: (1) a substituted pterine, (2) p-amino- 


benzoic acid, and (3) glutamic acid. 


Folic acid can undergo a variety of reactions and 
the resultant derivatives have different biological activi- 
ties (Rabinowitz, 1960). For eeecres the addition of 
hydrogen atoms at the 7 and 8 positions produces a dihydro- 
folic acid; further hydrogenation at the 5 and 6 positions 
gives a tetrahydro-folic acide These two folic derivatives 
are the active forms of folic acid in most biological 


systems (Sauberlich and Baumann, 1948; Bond et al, 1949). 
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model compoundse ‘ALL labile protons in the structures are 
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However, halogenation of the aromatic benzoic acid unit 
deactivates the folic acid (Consulich et aly, 1951). Some 
folic acid analogues, such as N!9-methyl—-folate and N19- 
methyl-C*—amino-folate (Methotrexate), may even have 


inhibitory effects on the folate enzyme systemse 


Metabolically, the most important role of folic 
acid is its function as a one carbon unit carrier (Shive et 
al , 1947) in a number of biosyntheses, for example, of the 
purines (Greenberg, 1954), serine (Blakley, 1954) and thy- 
midylate (Wahba and Friedkin, 1962; Pastore and Friedkin, 
1962). A deficiency of folic acid induces the failure of 
these biosyntheses in organisms and mammats ( Jaenicke, 
19643 Lukby and Cooperman, 1964). The biological functions 
and the chemistry of folic acid and its various derivatives 
have been the subject of extensive research (Rabinowitz, 


1960$ Brown and Reynolds, 19633 Whiteley, 1971). 


In an earlier NMR study, Pastore( 1971) observed 
different temperature dependences in the proton chemical 
shifts of folic acid and its analoguese The researcher 
proposed that folic acid is different from its analogues by 
forming complexes through self-associatione The nature of 
these complexes ;, however, has not been worked oute 
Inspection of the molecular model of folic acid indicates 


that it can exist either in an extended conformation or in 
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a partly~-folded conformation in which the pterine ring Lies 
partially over the benzoic acid fragment of the same 
molecule. Several coenzymes have been shown to exist in ao 
completely folded conformation in aqueous solutions, for 
example, the pyridine dinuclectides (Sarma and Kaplan, i969 
and 1970a,b), and flavin adenine dinucleotide FAD (Sarma et 


al, 1968; Kotowycz et al; 1969}. 


In addition, for large molecules with aromatic 
and aliphatic groups in aqueous solutions, dntermotecular 
association may also exist, as has been observed in purine 
nucleosides and nucleotides from osmotic~-pressure studies 
(Ts*O et al, 1963; Ts*O and Chan, 1964) as well as in 
aliphatic fatty acids from NMR studies (Inoue and Nakagawa , 


1966; Muller and Birkhahn, 1967). 


To distinguish the most probable conformation for 
folic acid and its mode of association, “H NMR techniques 
were employed since the proton resonances corresponding to 
the two characteristic aromatic units in the folate 


molecule [ Fige IV-i-(A)] are clearly resolved (Fige IV-2). 


In the presence of a magnetic field, a diamagne=- 
tic current of the mobile 7 electrons is induced in the 
aromatic ring-e This gives rise to a small secondary 


magnetic field which, in turn, affects the magnetic pro- 
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perties of the eureeundin penccdel (Waugh and Fessenden, 
19573 Johnson and Bovey, 1958)-« Consequently, in the space 
directly above or below the ring, the two fields are 
ences A proton Ay eae space is then shielded and 
experiences a high-field shifte However, when the proton 
is in the periphery of the ring, where the magnetic fields 
are reinforced; a tow-field shift of the proton results. 
Therefore; the proton chemical shifts of folate can be used 
to monitor the regional magnetic environment, which in turn 
can give further information on the conformation and inter= 
molecular association of folic acide This principle of 
“diamagnetic ring-current effect" (Johnson and Bovey, 1958) 
has been employed to interpret the data in the 
conformational studies of purine nucleosides and nucleo- 
tides in aqueous solutions (Jardetzky, 1960; Ts'O et al 


71969). 


By ee Prhpriny the 'H chemical shifts, a 
comparative study between folate and the a eresgl compounds 
was carried ee Two model compounds for this study were 
chosen [{Fige IV-1-(B) and-(C)]o The first one is 2-amino- 
4-hydroxy-6-methyl pterinece This compound will be refered 
to as model compound I from now one It is the model for 
the pterine unit of the folate moleculee The second 


compound is sodium p-(N-methyl )-amino-benzoate, refered to 
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as model compound [J from now one It is the model for the 
benzene neater of folate. Comparison of the proton 
chemical shifts of the model compounds with that of folic 
eeicdionowa that Actes peste exists in solution in an 
extended conformation (unfolded )e In addition, the 
chemical shifts ae the folate protons were studied as a 
function of temperature and folate concentratione On the 
basis of these dependences, the folate molecules are shown 
to associate intermolecularlye A model for the stacking is 


proposede 
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Be EXPERIMENTAL SECTION 


1e Materiais and Sample Preparation 


Folic acid (acid form) was purchased from 
Calbiochem, Californiae As the acid form does not dissolve 
in water, it was dissolved ina very dilute aqueous sodium 
hydroxide solution and the PH was adjusted to about 6 to 


form the divalent anion (folate) (Albert, 1953). 


The folate solution (pH about 6) was passed 
through a cation-exchange resin to eliminate any possible 
heavy metal ion impurities (Albert, 1953). The effluent 
was then adjusted to a pH of 7 and concentrated by freeze- 
dryinge A yellow powdery salt, disodium folate (MeWe 


485.4), was obtained. 


The salt was redissolved in D200 and the solution 
was freeze-dried again. By repeating this procedure three 
times, most of the labile protons [Fige IV-1-—(A)] were 
replaced by deuterium so that the original proton Signals 
were eliminated and would not obstruct the appearance of 


the other folate proton resonances. 


Model compound J, 2-amino-4—hydroxy-6—-methyl 
pterine (MoW.180.2), was obtained from Dre ReBe Angier, 


Lederle Labse, American Cyanamid Companye It was 


rat . 
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synthesized using the procedure developed by Angier et al 
GLas2). This compound would dissolve in D20 only at a pD 
of 12.9. Hence, a series of folic acid Samples were also 
studied at this vaYnckoe the pD so that the results can be 


compared with that in the model compounde 


Model compound II, sodium-p~-(N-methyl )=benzoate 
(MeW.217322), was purchased from Keand Ke Labse, Cali- 


fornia.e 


The internal reference, sodium—-2, 2—-dimethyl-2- 
Silapentane-5-sulfonate (DSS); was from Merck, Sharp and 


Dohme of Canada Ltde;y Quebec. 


For the NMR experiments, all solutions were 
prepared by weighing both the solutes and the D20 solvent, 
hence the concentrations are expressed in molalities. The 
quantity of D&S used was kept to a minimum (0.8 mg/gm D220), 
so that its influence on the compound under study was 
minimal. All solutions used were in D20 and at a pD of 
7e1t001, obtained by adding 0.4 units to the observed pH 


meter readings (Glasoe and Long, 1960). 
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2e Instrumental Techniques 


Proton NMR experiments were carried out on the 
Varian HA-100-15 (100.0 MHz) and the Bruker HFX-90 (90.0 
MHZ) NMR spectrometers in the continuous wave mode. The 
first part of the experiments was carried out on the Varian 
spectrometer. The remainder of the experiments were 
carried out on the Bruker spectrometer after it was 
installed since the latter spectrometer is equipped with a 


heteronuclear lock system. 


For measurements on the Varian spectrometer, a 5% 
tetramethyl-silane (TMS) solution in deuterated acetone was 
sealed in a small capillary and placed into the NMR tube 
containing the sample.- The proton resonance of TMS was 
thus used as a lock signal. For the measurements on the 
Bruker spectrometer, the deuterium resonance of the solvent 
D20 was used for the heteronuclear lock signale Several 
measurements at various Tomperatunes were repeated on both 


spectrometers and the results were reproducible. 


The temperature was calibrated and rechecked 
every one and a half hours, using an ethylene glycol 
standard samplee The ditference in chemical shifts between 
the hydroxyl protons and the ethyl protons was neon to 


evaluate the temperature. The calibration chart was 
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obtained from Dre O. Yamamoto, National Chemical Laboratory 
for Industry, Tokyo, Japan (Yamamotc and Yanagisawa, 1970). 
All samples were placed in the NMR prebe 20 minutes before 


taking the measurements. 


All chemical shifts were calibrated with respect 
to the internal DSS signal. The use of an internal 
reference avoids the ambiguity that may arise from the 
variation of the bulk magnetic susceptibility when an 
external reference is used (Blackburn et al, 1969). Ail 
the chemical shifts reported in this chapter represent the 
average of three measurements. Their values are reported 
in ppme Hence, a low field shift corresponds to a large 


ppm valuee 
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Co RESULTS 


1. Proton NMR Spectra 


The 100.0 MHz “H NNR spectrum of folate in D320 at 
30-e5°C is shown in Fige IV-2« The resonances were 
previously assigned by Pastore et al (1963). In the 
spectrum, H-2 and H-3 designate the resonances corres=- 
ponding to the four benzene ring protonse« H-1 and H=-4 are 
these from the protons in the pterine ring and the methy=- 
Lene bridge, -CH2-ND-, between the pterine and benzoic acid 
unitse The multiplet at 4.4 ppm adjacent to low field of 
the H-4 resonance corresponds to the a-CH proton resonance 
of the glutamate unit, and H-S represents the resonances 
for the four remaining protons in the same unit. The 
latter resonances remained unchanged when either the 
temperature or the concentration of the folic acid was 
variede Therefore, tne most intense peak of the resonances 


was used to denote the chemical shifts for these protons. 
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The 'H NMR spectra of model compound I and model 
compound JI are shown in Fige IV-3-(A) and Fige IV-3-(B) 
respectively. Model compound I shows two proton signals 
which are assigned to the —CH- and -CH3 protons (Whiteley 
and Huennekens, 1967). In the present study, the signal at 
8-5 ppm was used in the comparative study with the H-1 


proton shifts of folate (Fige IV-2)-. 


Model compound II shows a singlet corresponding 
to the N-methyt protons (2-8ppm) and the doublet for the 
aromatic ring protons. The aromatic resonances were 
assigned according to the studies on disubstituted benzene 
derivatives (Martin and Dailey, 19633; Smith, 1964). 
Chemical shifts of these protons, denoted by H-2 and H-3 in 
Fige IV-3-(B),; were compared with those of the 


corresponding folate protons (Fige IV-2). 
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FIGURE IV-3- The 100-0 MHz iH NMR spectrum of the model 


compounds in D20 at 30.5°Ce 
(A) Model Compound I (0.035mM at pD 1269), and 


(B) Model Compound Ik (0-060mM at pD Die Le)e 
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2- The Concentration Dependence of the Chemical Shifts 


The chemical shifts of folate protons were 
measured at 30.5°C as a function of the folate concentra- 
tione The results are shown in Fige IV-4. The concen- 
tration ranged between 0-009im (the lower concentration 
Limit of the instrument} and 0-094m (the upper solubility 
Limit of folate in D20)-~ Protons H-1 and H-4 experience 
the largest shift (to low field) with the decrease in con= 
ceentratione However, protons H-5 remained unchangede By 
extrapolating the data to infinite dilution using a least=— 
squares analysis, the Limiting shifts were obtained. These 
results are summarized in Table IV-1, together with the 
proton chemical shifts for the most concentrated folate 


solution for comparison purpose. 


Similar experiments were carried out at 30.5°C 
for both the folate solution at a pD of 12-9, and the model 
compound I solution also at this pDe The chemical shifts 
for the folate proton H-1 and the -CH= proton of model 
compound J are tabulated in Table IV-2 as a function of 
concentratione The Limiting shifts for these protons were 


obtained by extrapolation as described aboveec 
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ELGURE I[V-4- The concentration dependence of the proton 


chemical shifts of disodium folate in D20 (pD7ol; 30-5 C)e 
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TABLE IV-1. The Concentration Dependence of Proton 
Chemical Shifts of Disodium Folate in D20 at 30-5°C and 


a pD of 7ele- 











Concentration Shift* (ppm) 
Cm) 
H-1 H=-2 H-3 H-4 H-5 
0.094 82457 72438 62271 4.054 2-308 
0.00 ** 8.73 7266 6074 4.57 2229 
difference 0.27 9-22 0247 0252 0.02 





* The chemical shifts are to low field of DSS. The error 
Limits are + 0-002 ppme- 


**x The Limiting shifts are obtained from extrapolation of 
the data (Fige IV-4) to infinite dilutione The error 
Limits are + 0-01 obtained from the standard deviations 
of least-squares analysise 
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ZABLE _ IV-2- The Concentration Dependence of Proton 


Chemical Shifts of Bolate Solution and Nodel Compound-I 


Solution at 12.9 pD and 30.5°C- 








€A} Folate H-1 
Concentration (m) Chemical Shift* (ppm) 
0.087 8.567 
0.064 8.580 
0.045 8.590 
0-031 8.599 
0.0082 8.606 
0.00 «x 8.61+0.01 
(B) Model Compound I --CH-- 
Concentration (m) Chemical Shift*( ppm) 
0-150 8.403 
0.092 8.422 
0.062 8.457 
0.027 . 8-476 
0.00%** . 8251+0.02 


a a A A SS ES SS 


* The chemical shifts are to low field of DSS, error 
limits are t+0.002 ppme- 


**x Limiting shifts are obtained from extrapolation of the 
data to infinite dilution using least-squares analysise 
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The chemical shifts for protons H-2 and H-3 for 
model compound If at 30.5°C were measured over a concentra=- 


tion range between 0.24m and 0.0236 These shifts are 


independent of concentratione The H-2 and H-3 proton 


shifts for 0.023 solution are listed in Table IV-3. Also, 


the Limiting shift of the corresponding protons of folate 


(from Table IV-1) are included for comparison. 


t- 
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TABLE IV-3- The Comparison of Chemical Shifts* between 


the Protons in Folate and those in Model Compound-II]e 





Compound Proton Chemical Shift (ppm) 


H-2 H=-3 
eile ec a ce an ee ES 
Folate**x 71266+0-01 6274+0.01 
Model Ilz 1.-7664+0-002 6<¢ 768+0-002 
difference 0-10 0.03 


a 


«The experiments were carried out in D20 at 30.5°C and a 
pD of Tei. 


*x*k The Limiting shifts at infinite dilution are obtained 
from 
Table I1V-2 ° 


The shifts are independent of concentration over a large 
range (0.23m to 0.024m)- 
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3e The Temperature Dependence of Chemical Shifts of the 
Folate Protons 


The chemical shifts of all the folate protons 
were studied as a function of temperature (5.8 to 60-0°C} 
at two folate concentrations (0-e049m and 0.009m). The 


temperature dependences are plotted in Fige IV-5- 


As cebserved in the concentration dependence 
studies; protons H-i and H-4 shift the most with 
temperature, whereas naotton H-5 resonances remained 
unchangede This result was observed for experiments 


carried out at both concentrationso 


To summarize the temperature dependence of the 
Folate proton shifts, data at the highest temperature 
(60°C) and at the lowest temperature (5.8°C) are compared 


in Table IV-4 for solutions at both folate concentrationse 
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8.90 ;— 
8.70 | 
8.50 
7.70° 
7.50 


730 


6.70 
6.50 
6.30 


6.10 


CHEMICAL SHIFT (P.P.M.) 


420 


230 





10 
é 0 20 40 60 


TEMPERATURE °C 


FIGURE IV-5.- The temperature dependence of the proton 
chemical shifts of disodium folate in D20 (pD 7.1; 
30°5°C)» The measurements are carried out at two 


concentrations, namely : O 0.049m and A 0.009m. 
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TABLE IV-4. The Temperature Dependence of the Proton 
Chemical Shifts of Disodium Folate in D20 at 7.1 pD, in 


Two Different Concentrations. 





(A) 0-049m folate. 








Temperature Shitt*® (ppm) 
(°c) mk 
H-i H=-2 H-3 H=-4 H=5 
60 8-660 £=742626 62667 4.420 2-290 
5.8 82422 72349 62078 30927 22300 
difference 0.24 0.027 - 0259 0.49 0.01 


(B) 0.-009m folate. 


60 82732 72-668 62787 4.616 22290 
5-8 82624 72539 60449 4.301 2.2290 
difference Oeil 0.13 0234 0-32 0.00 


cee ce ae ee ES ES SEE 


* The chemical shifts are to low field of internal DSS, 
error Limits are + 0.002 ppm. 
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De DISCUSSION 


1e The Folate Conformation in Aqueous Solution 


As described in the introduction, folate may i 
exist in solution in an extended conformation or in a 
partly folded conformation with the pterine unit either 
above or below the benzoic acid unite This intramolecular 
folding may be studied by comparing the proton chemical 
shifts of folate at infinite dilution, when the inter- 
motecular shielding effects are negligible (Kotowycz et aly, 
1969), with the shifts observed for the corresponding 
protons in the model compounds. The two model compounds 
are (I) 2-ami no-4—hydroxyl—6—-methyl pteridine, and (II) 
sodium p-(methyl-amino) benzoate. These model compounds 
were chosen because they are not only similar to parts of 
the folate molecule in structure, but they also possess 4 
planar aromatic molecular skeletone Hence, the protons in 
these models doa not Sys twreees any intramolecular shifting 


effect. 


In medelt compound I, the chemical shift of the = 
CH- proton is slightly concentration dependent (Table IV-2- 
(B) Je Therefore, the Limiting shift was calculated by ex- 
trapolation to infinite dilution and compared with that of 


folate at the same value of pD (Table IV-2A)e The 
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difference is 0.-0Sppm In model compound JI, the proton 


chemical shifts are independent of toncentration and 
temperature(Table IV-3 )e The data in Table IV-3 indicates 
that these chemical ehiftts are very similar to the Limiting 
shifts for protons H-2 and H-3 of folate at infinite 
dilution: the difference is 0.03 ppm for the H-3 see a 
and 0.10 ppm for the H-2 protons. The latter difference 
may partly be due to the fact that the H-2 protons are near 
an amide group in folate but near a carboxyl group in model 


compound Ile 


In both comparisons, the differences in chemical 
shift between these protons are much smaller than those 
arising from diamagnetic ring current shielding effects in 
molecules such as FAD (Sarma et al, 19683; Kotowycz et al; 
1969), and the purine nucleosides (Broom et al, 1967). The 
present results indicate that the folate protons do not 
experience the diamagnetic miner connent shielding effect 
from intramolecular interaction. Therefore, the folate 
molecules exist in an extended conformation in aqueous 
solutionse In this stretched-out conformation, the ionized 
groups of the glutamic acid units of the neigbouring mole- 
cules are far apart from each other so that the electro- 
static repulsion is minimizede Also, inspection of the 


CPK model of folic acid indicates that the folded conforma- 
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tion may lead to considerable strain in the middle parts of 


the molecule. 


2e The Intermolecular Association of Folates 


In most aromatic compounds, the proton chemical 
shifts only vary slightly with concentration or temperature 
(Zimmerman and Foster, 19573; Bothner—-By and Glick, 1957). 
For example, a O-.ippm shift was observed for the five ring 
protons in azulene in dioxane solution over a concentration 
range of 17 mole%® (Schneider et al, 1958). In contrast; 
0-2 to 0.Sppm shifts were observed for the folate protons 
just over a 0.2 mole% change in concentention {[0.094m to Om 
in Table Iv—1 J. Similar pronounced temperature dependence 
in the chemicat shifts of the folate protons was observed 
{Table IV-4 and Pastore (1971)].e For a comparison, a 
O0.-16ppm shift of proton H-3 in methotrexate (a folate 
analogue) was observed over a 50°C ent nde in temperature, 
whereas a corresponding 0.48ppm shift was observed in 


folate (Pastore, 1971). Therefore, these characteristic 
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dependences indicate that the folate molecules are 


intermolecularly associated. 


In large molecules with aromatic and aliphatic 
fragments, two types of intermolecular association are 
often encountered: 
€i)d Vertical stacking, in which the molecules are packed 

with the aromatic rings one above the other, forming 
molecular coplanar stackse This type of stacking has 
been Ben nOnedt for most nucleosides and nucleotides 


(Ts*O et al, 1969 and references therein). 


(ii) Micelle formation, in which the aromatic (hydrophobic ) 
rer one ot the molecules associate, yet the aliphatic 
groups with ionizable terminal groups extend outwards 
into the water solvents. Micelle formation has been 
observed for most long chain aliphatic acids (Inoue 
and Nakagawa, 1966; Muller and Birkhahn, 1967) as well 


as for benzyl penicillin (Thakkar and Wilham, 1971 )- 


Ne 

If the folate molecules formed micelles, the 
pterine units would be in the interior of the micelle, 
whereas the glutamic acid fragment would form the spherical 
surfacee This symmetrical arrangement implies that the H-1 


proton should be most sensitive with respect to the folate 


concentration and temperature. However, the data in Table 
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IV-1 and Table IV-4 indicate that protons H-3 and H-4 have 
the largest concentration and temperature dependence. 
Furthermore, in the concentration dependence study 

(Fige IV-4), a sharp discontinuity in the curves would have 
occurred if the folate molecules formed a micelle (Muller 
and Birkhahn, 1967). However, the chemical shifts vary 


monotonicallye 


In both studies shown in Figse IV-4 and IV-5, 
when the concentration is increased or the temperature is 
decreased, all the folate protons (except the H-5 protons 
which are constant) are shifted to high field. This 
indicates that the intermolecular association is not due to 
hydrogen-bonding which induces low field shifts on the 
related protons (Arnold and Packard, 19513 Schneider et aly, 
1958). Therefore, the association most likely arises from 
the interactions between the neighbouring aromatic groups 
in a vertical stacking manner. In the stacks, the folate 
protons are either above or below the nearby aromatic 
unitse Consequently, a pronounced diamagnetic—-ring-current 


effect on the proton shifts is observede 


Finally, the relative orientation of folate 
molecules in the vertical stacks is considerede The 
molecule may orient itself with its aromatic pteridine unit 


(the head) and its glutamic acid unit (the tail) above or 
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below the corresponding units of the neighboring folate 
molecules [ a head to head arrangement ]. Another 
possibility is that the aromatic unit (the head) is above 
or below the nedaunbarine glutamic acid unit (the tail) [ a 
head to tail arrangement i's In the former arrangement, 
Similar temperature and concentration dependences would be 
expected for the pair of protons H-1 and H-4; as well as 
for the pair of protons H-2 and H-3e From the results 
listed in Tables IV-1 and IV-4, the chemical shift 
differences of prons H-3 and H-4 resemble more each 
other in magnitude, instead of that of protons H-3 and H-1.e 
The similarity is also observed for the H-2 and H-1 


protonse 


From the magnitudes of the diamagnetic shifts, 
ieee H-3, H-4 >> H-13; H-2 >> H-5, the most consistent mode 
for association is shown in Fige IV-6e In the figure, the 
folates are partially overlapping in a head-to-tail manner. 
From this model, it is seen that the protons H-3 and H-4 
are the closest to the neighboring pterine unitse Protons 
H-2 and H—-1 are a little further removed from the nearby 
benzoic acid units, whereas the glutamic acid protons H-5 
are away from both units and hence they are completely 
insensitive towards the changes in temperature and concen- 


tration. The same head-to-tail model is supported by a 
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subsequent pH and concentration study (Poe, 1973), after 


the publication of the present result (Lam and KotowycZy, 


1972). 


The model also shows a uniform distribution of 
ionized groups of the folate molecules towards the polar 
water solvent, while the aromatic groups attain significant 
hydrophobic interactionse Similar partially~overlapping 
models have been observed in many heterocyclic compounds in 
the crystalline state (Bugg et at, 1971) and in solution as 


described in the introductione 
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Ee CONCLUSIONS 


The 'H NMR experiments on disodium folate in 
aqueous solution (pD 7-1) indicate that the folate ion 
exists in an unfolded, extended conformation. Folate ions, 
however, are involved in strong intermolecular association. 
This property is quite characteristic when compared to the 
much weaker associations in other folic analogues, such as 
Nt9O~methyl folate, Methotrexate and dihydro-folate 
€Pastore, i971; Poe, 1973). The difference may be one of 
the factors for the diverse biological effects of folic 
acid and these folate derivativese Furthermore, the data 
show that the folate ions associate in vertical stacks. 
From the variations of the chemical shifts with temperature 
and concentration, a head-to-tail vertical stacking model 
is proposed with the hydrophilic ends of the molecule 
alternating in orientation with respect to the hydrophobic 


portion of the neighboring moleculese 
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COMPUTER PROGRAM FOR THE CALCULATION OF THE SPIN-LATTICE 


RELAXATION TIME Ti 


The values of T, are calculated by means of a 
Linear-least-—squares analysis of the data obtained from 
(i80°-t -S0°) pulse sequencee When the thermal 
equilibrium magnetization, HL » is known, the standard 
equation described in Chapter II[{Eqe (11-29)] is usede 


This equation is rewritten here as follows: 





(A-1) 

Therefore, a plot of ln(M - M }) vs the time interval 
< T 
gives a line with slope SAS - 


In addition to the above procedure, another 
method, which does not require the knowledge of Me ¢ can 
also be usede The principle (Guggenheim, 1926) and the 
applications of this method are well known from kinetic 
studies (Frost and Pearson, 1961). The procedure is now 
described in terms of the NMR parameters. 


First of all, the M. data are sorted into 
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pairs in which the time difference between the two values 
of the magnetization is an appropriately chosen constant 
At. A schematic diagram is included to illustrate the 


pairing: 





(A-2) 


At time i; » the corresponding magnetization is given by 


Eqe (A-1) which may be rewritten in the following form: 





1 Ch=3) 
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Similarly, for time ta tat ; 


(A-4) 


Taking the ditference between these two equations, one 








obtains 
: “At a 
i (OTD copes Mp a HR ea mes t 
oF x T T 
] 1 
—) 
= In Kae d 
Fi 
(A-5) 
For all pairs of data points with the same value of At ’ 


K is a constante Therefore, Eqe (A-S) indicates that the 
natural Logarithm of the difference between the two data 
points also varies Linearly with the time Ts e Hence the 


M oe 5 \ i 
slope of the plot of tn( petit ye )vs 7; also gives a 


value for ied ys 


Both of the above techniques are included in the 
computer program for data treatment. The program is 
written in the FORTRAN IV languagee The Listing of the 
program and the documentation describing the input and 


output formats and various options are given as follows. 
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Ti LINEAR FITTING. 


SUBROUTINES USED IN THIS PROGRAM: 
LSQSM,TRS,IWT, GUGGEN, NULL 


CARD INPUT: 


CARD(0) MAIN CONTROL CARD 
ISXP,NULO,IG,IDEL, IH, TABLE, WT, INTR,FR 
(8 (I1,1X) ,F10.0) 


ISXP: SET TO 1 IF DATA IS FROM BRUKER SXP . 
SPECTROMETER. 
NULO: SET TO 1 IF ONLY REQUIRED TO ESTIMATE 11 
VALUE (SEE SUBROUTINE NULL) 
IG: SET TO 1 IP GUGGENHEIM TREATMENT IS USED 
(SEE SUBROUTINE GUGGEN) 
IDEL: NUMBER OF HT BETWEEN THE CONJUGATE PAIR USED 
IN THE GUGGENHEIM TREATMENT. 
IH: THE INDEX OF THE INITIAL DATA POINT (THE HEAD) 
TO BE USED IN THE CALCULATION OF T1. 
TABLE: SET TO 1 IF DETAILED OUTPUT IS 
REQUIRED(SEE SAMPLE OUTPUT) 
WT: SET TO 1 IF WEIGHTING IS APPLIED TO THE INPUT 
DATA. 
INTR: MAXIMUM NUMBER OF ITERATIONS TO ESTIMATE 
HT (0) . | 
FR: FREQUENCY OF THE EXPERIMENT (MHZ) . 


CARD (1) 
TITLE 
(20A4) 


CARD (2) | 

NPT,WT,TABLE,TAU (1) ,DEL,HTO 

(313, 3F6.3) 

NPT = NUMBER OF DATA PTS. 

WI = WEIGHTING OPTION. 

TABLE= PRINT TABLE OPTION. 

TAU(1)= THE FIRST TAU INPUT. 

DEL= INCREMENT IN TAU. (OPTION INPUT FOR TAU.S 
IF DEL=0.0) 

HTO= MZ (0). 


CARDS(2-A) IFF DEL=0.0. 
TAU (I) 
(10 (F5.3,5X) ) 
INCREASING ORDER AS THE HT. 


Tic WEACAS 
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THE CARDS (3)... 
HT (I) OR HT(I) AND WTH(I) IF IH=0 
WHERE HT(I) IS THE HEIGHT OF THE SIGNAL 
AT eTAU (ese AND WHE(L)s cS THE WEIGHT 
APPLIED TO THE HT(I).- 
FORMATS: 


10 (F6.3,1X) OR 7(F6.3,1X,11,2X) 


MAIN PROGRAM 


REAL*8 D(5),STD(5) 
DIMENSION TAU (50) ,HT(50) 
INTEGER*4 TIT(20) , TABLE, WTH (50) ,WT 
NC=5 
ICARD=1 
READ (5,112) ISXP, NULO, IG, IDEL, IH, TABLE, WT, INTR,FR 
FORMAT (8(I1,1X) ,F10.0) 
IF(ISXP.EQ.0)GOTO 120 
ITER : ITERATION COUNTER 
ITER=0 
CALL TRS (ICARD,TIT, NPT, NC,TAU (1) , DEL, HTO, HT, NTR) 
IF(ICARD.EQ.0) GOTO 99 
GOTO 3 
READ(5,100, END=99) (TIT (I) ,I=1, 20) 
FORMAT (20A4) 
READ(5,101) NPT, WT,TABLE,TAU (1) ,DEL,HTO ,NTR 
FORMAT (313, 3F6.3,1X,11) 
IF (DEL.GT.0.C) GOTO 11 
READ (5,104) (TAU(I) ,I=1,NPT) 
FORMAT (10 (F5.3,5X)) 
IF ((WT.EQ.0) .OR. (IH.EQ.0)) GOTO 2 
READ(5,102) (HT (J) ,WTH (J) , J=1,NPT) 
FORMAT (7(F6.3,7X,12,2X)) 
GOTO3 ; 
READ(5,103) (HT (J),J=1,NPT) 
FORMAT (10(F6.3,1X)) 
TE (DEUILE..0s0)acGOTOR4 4 
DO 4 J=2,NPT 
TAU (J) =TAU (J-1) #DEL 
IF (ISXP.EQ.0) GOTO 42 
WRITE (6,111) FR, (TIT (I) ,I=1,20) 
FORMAT(*0', ///* TITLE :',F8.4,2X,'MHZ" ,2X,2A4, 
611,3X,17A4) 
GOTO 43 
WRITE (6,115) FR, (TIT (I) ,I=1,20) 
FORMAT (*O',///*TITLE :*,F8.4,2X,'MHZ',2X, 20A4) 
IF(NTR.GT.0) GOTO 44 
NTR=INTR 
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DIF=FLOAT (IDEL) *DEL 
WRITE (6,113) ISXP,1G,IH,IDEL,DIF, 


STABLE, WT, NTR, NPT, TAU (1) , DEL, HTO 


IF (TABLE.EQ.1) GOTO 51 
WRITE (6,116) (HT (J) -J=1, NPT) 
FORMAT (/,T5,¢ INPUT HT :*,/(4X,10(F6.3,2X))) 


FORMAT(//,4X,*CONTROLS Daal Eker’! 1h Sp Ge) SM alkyd AL ew 


G'GUGGEN. =',12,T30,'INIT.EFF.PT.=",12,T6C, 
St*INIT.CON.PAIR =+',12,T90,'DELTA =',F7.3,/T5, 
S¢PRINT TABLE =',12,T20,*WT APPLIED =',12,T60, 
S* REPEAT # =',12,T90,°NPT =",12/,T5,'INIT. TAU =",F7.3,¢ 
ET30," INCREMENT =',F7.3,T60,°MZ (0) =',F7.3) 


CALL NULL (NPT, NC, WT, WH, 1H, DEL, HT, TAU,SLR, HTINF) 


WRITE (6,105) SLR,HTINF 
FORMAT (//,6X,*NULL-PT. ESTIMATION :',T50, 


6§1./ T1 ="',£10.4,780, "HTO (WI.AVE.=',F7. 2) 


{IF (NULO.NE.1) GOTO 50 
WRITE (6,109) 
GOTO 1 
IF(DEL.GT.0.0) GOTO 51 
WRITE (6,114) (TAU(I) ,I=1,NPT) 
FORMAT(T5,*INPUT TAU :*,/, (4X, 10 (F6.3,2X))) 
IF(WT.EQ.0) GOTO 52 
IF ((WT.EQ.1) «AND. (ISXP.EQ.0)) GOTO 6 
CALL IWT (NPT, NC,WTH,IH) 
GOTO 6 
DORSIRIEINEL 
WTH (I) =1 
IDD=IDEL 
LTER=ITER+1 
IF ((HTO.GT.0.0) .AND. (IG.NE.1)) GOTO 61 
IDD=IDD+ITER-1 


CALL GUGGEN (ICARD,IDD,DEL,NC,NPT,HTO,HT,WTH, 


&6T1,T1R,T1ST,HTCAL) 

GOTO 71 

DO 7 I=1,NPT 

D (1) =TAU (I) 

D (2) =1.0D00 

SAFETY CHECK HERE 
DELTA=HTO-RHT (1) 

IF (DELTA.LE.C.0) GOTO 98 

D (3) =ALOG (DELTA) 

MW=WTH (I) 

CALL LSQSM(0,2,D,MW,1FN,STD) 
CONTINUE 

CALL LSOSM(1,2,D,MW,IFN,STD) 
IF( D(1)-EQ.0.0) GOTO 98 
@1= -1./SNGL (D(1) ) 

T1R=1./T1 
T1ST=T1*T1*SNGL (STD (1) ) 


TH,TAU, 
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HTCAL=EXP(SNGL(D(2)))/2.- 

IF (ICARD.EQ.-9) GOTO 98 
WRITE(GR 1 OG) TAR Tay ISTFHTCAL, = HTO 
FORMAT(T5,'1./T1 =",E10.4,735,'T1 (SEC) =',F8.4, 
UTGC 7 STD SDRV a= E036, //T9, ‘NZ (0) CAL. =",F8.4, 
2735,°MZ(0) OBS. =',F8.4,//) 

IF ((TABLE.EQ.0) .AND. (ITER.GE.NTR)) GOTO 74 

WRITE (6,107) | 

FORMAT (5X,* ==== TABLE ===== "S74X, 
14*TAU (SEC) ',4X,'MZ (OBS) ',3X,"MZO-MZ(I) *,4X, 
ZOMEIGHT! 4X, 'MZ (CAL) *,6X,*DIFF*) 

DO 8 I=1,NPT 
CAL=HTCAL* (1.-°2.*EXP (=TAU (I) /T1) ) 
DD=HTO-HT (I) 

DIF=HT (I) <CAL 
WRITE (6,108) TAU (I) ,-HT (1) , DD, WTH (I) ,CAL, DIF 
FORMAT (5X, F6.3,5X,F7-4,5X,F7.4,5X,12, 7X ,F 74, 5X, F623) 
WRITE (6, 109) 
FORMAT (/7/7e* RSS Se SSS eS See Se q 
t 


? 


IF (ITER.GE.NTR) GOTO 1 

IF (IG.EQ.1) GOTO 60 

HTO=HTINF 

GOTO 60 

WRITE (6,117) HTO, (HT (J) ,J=1,NPT) 

FORMAT ('=',*ERROR IN INPUT DATA ***###**** HT/-HT(', 
1°*I).LELO0.0 *¥eee', /TS, "INPUT CHECK : HTO=', 


2F10.4,//T5, "HT 3*,/, (10 (E10.4,2X))) 
& (10 (E10.4,2X))) | 
ICARD=-9 
GOTO 1 
WRITE (6,110) 
FORMAT (//,5X,*=== DATA EXHAUSTED. === *') 
STOP ' 
END 


200 


SUBROUTINE LSQSM( ILQ,NM,U,yMWT,IFN, STD) 


C PROGRAMED BY DReMCCLUNG AND DReBIRSS,CHEMeDFPTe 
C DOCUMENTATIONS SEE CHEM 570 PHYSICAL CHEM NANUAL.» 
IMPLICIT REAL*8(A-H,0-Z ) 
REAL*8 DABS, DSQRT,FLEV/0. 00D0/,R( 545 ),U(C5),X05),SEY,STD(S) 
INTEGER*4 IND/O/ 
IF( ILQe-NE-0) GO TO 102 
IF (INDeEQ.-0) GO TO 19 
1 N=NMt1 
M=Mt+MWT 
DO 2 I=1i,N 
DO 2 J=I1,N 
2 RCI,J)=RCO I,J )+MWT*UC T )*UCS ) 
RETURN 
102 WT=M 
NM1=N-1 
PRINT 901i, M,NMI 
DO 6 I=1,N 
M=I1-1 
X( I )=DSORTC( RC I,I)) 
IF (X(1I)-LT~12D-8) GO TO 6 
dO S J=1,1 
IF (X( J )eGEe1-eD-8) GO TO 3 
Z=0.0D0 
GO TO 4 
Z=R( J, I )/CXCI D*XCT) ) 
R( I,J )=Z 
R( J,1I)=Z 
5 CONTINUE 
6 CONTINUE 
7 VMIN=1.D+70 
VMAX=0.0D0 
DO 2 IT=1,NMI 
IF (RC 1I,1)eLE«1-D-4) GO TO 9 
V=DABS( R(I,N)*R(N,I)/RCOI,1I)) 
IF (X( I)eLT-0-0D0) GO TO 8 
IF (VeLEe«VMAX) GO TO 8 
VMAX=V 
IMAX=I 
GO TO 9 
8 IF (VeGEeVMIN) GO TO 9 
VMIN=V 
IMIN=I 
9 CONTINUE 
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IF (RCN,N)eLT-1.0-10) GO TO 16 
IF (VMIN¥*WT/R(N,N)eLTeFLEV) GO TO 10 
IF ( VMAX*WT/( RO N,N )-VMAX)eGT-e-FLEV) GO TO il 
GO TO 16 
10 K=IMIN 
WT=WTtl 2DO 
GO TO 12 
11 K=IMAX 
WT=WT-1.-D0 
12 xX(K )=-X(K) 
Z=1-D0/R(K,K) 
DO 13 J=1,N 
13 R(K,J)=Z*R(UK,J ) 
R¢ K,K)=Z 
po 15 1r=1,N 
IF (IeEQeK) GO TO 15 
Z=-R( I,K) 
R( 1,K)=0-0D0 
DO 14 J=1,N 


14 RCI,J)=RCI,d)+Z¥*RUK, IS ) 
15 CONTINUE . 
GO -TOmss, 
16 SEY=X(N)*DSQRT( RUN, N)/WT) 
IFN=0 
PRINT 902, SEY 
po 18 I=i,NM1i 
IF (X(1)eLT-0.0D0) GO TO 17 
u( 1)=0-.0D0 
PRINT 903, I,U(I) 
Go TO 18 
17 UCT )=-RCI,N)*XON)/XCT) 
VMIN=-SEY*DSORT( RC I,1))/XC1) 
STD( I )=VMIN 
IF (VMIN»eLTsDABS( U(I))) IFN=1 
18 CONTINUE 
PRINT 905 
19 M=0 
po 20.1=1,5 
DO 20 a aah Be 
20 R( I,J )=0-0D0 
IF (IND-NE.0) RETURN 
IND=1 
GO TO 1 
1 FORMAT( *1',5X,"LINEAR LEAST’ SQUARES FIT FOR ',14,° 
114," PARAMETERS IN THE MCDLE- *//) 
2 FORMAT(// 9 6X ' OBSERVED-CALCULATED STANDARD DEVIATION =! 
9903 FORMAT (14,E18+8,20X,' INDETERMINASLE BY SUBMITTED DATA* 
905 FORMAT ('0!) 
END 
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SUBROUTINE TRS (ICARD, TIT, NPT, NC,TAU1, DEL, BHT, RHT, NTR) 


ce ee ee we ee ee we a we a a aw = 
== SS She mS SS is ee a we 


THE SUBROUTINE CONVERTS THE DIGITAL OUTPUTS 
THE BRUKER SXP T1 EXPERIMENTS, WHEN THE DIODE 
DETECTION MODE IS USED, INTO THE USUAL INPUT 
FORMATS OF THE MAIN PROGRAM. 


THE NEW INPUT CARDS ARE 


CARD (0) CONTROL CARD 
AS DEFINED IN THE MAIN PROGRAM. 


CARD (1) TRAIL INDEX, TITLE 
(6X,11, 18A4) 


CARD (2) ITAU (1), DEL, INTR 
| pide E1080 iets) 


ITAU (1) : INDEX OF THE INITIAL TAU. 
DEL > INCREMENT OF TAU. 
INTR ° MAX. NUMBER OF ITERATIONS TO ESTIMATE 
THE HTO. 
CARD (3) NPH (211) 


NUMBER OF HTO TO BE AVERAGED. 
CARD (4) HTO VALUES. (10 (16,1X)) 
CARD (5) NPT (I2) : NUMBER OF DATA POINTS. 


CARD (6) HT VALUES. (10 (16, 1X)) 


anananaannaaananaAARAANAAANAANAAAgAVAAAaAAR 


INTEGER*4 TIT (17) ,NTIT (17), WT, TABLE, HT (50) ,HTO (15) . 
1AVH,TLE (17) 
REAL*4 RHT (50) 
INTEGER*4 TR(2)/'TRIA',"L = */ ,HEAD(2)/'TRIA','L 1 */ 
C... HERE ARE SOME DEFINE OPTIONS AND SCALINF FACTOR 
C...FOR THE MAGNITUDE OF HT. 
FACT=10000. 
C..- END OF DEFINED. 
IF (ICARD.EQ.-9) GOTO 17 
READ(5,100,END=16) IN, (NTIT (I) ,I=1,17) 
100  FORMAT(6X,11,18A4) 
20 TIT (1) =TR(1) 
TIT (2) =TR (2) 
TIT (3) =IN 
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TECIN-GT. 1)) GOTO, 2 
DOs 1 sdeayp 17 
1 TIT (J+ 3) =NTIT (J) 
2 READ (5,103) ITAU,DEL ,NTR 
403  FORMAT(I1,1X,F10.0,1X,11) 
IF (ITAU.GT.0) GOTO 21 
NTR=NTRO 
“ITAU=ITAUO 
DEL=DELO 
TAUT=DEL*ITAU 


IF (TAU1.LE.0.0) GOTO 17 


GOTO 6 
Zi TAUI=DEL*ITAU 
C... CHECK 


LF (AU Wale SOMO WPGOTO A 7 
READ(5, 104) K1,K2 

104 FORMAT (2I1) 
IF ((K1.EQ.1) AND. (K2.EQ.0)) GOTO 3 


K=K1 
IF(K.EQ.0) GOTO 6 
GOTO 4 

3 K=10 

4 READ(5,105) (HTO(I) ,1=1,K) 

105 seHORMAT (10 (16, 1X) ) 
AVH=0 
DOs 1p lak 

7 AVH=HTO (I) +AVH 
AVH=AVH/K 

6 READ(5, 106) NPT 


106 FORMAT(I2) 
IF(NPT.LE.0) GOTO 17 
READ(5,107) (HT (I) ,T=1,NPT) 
107  FORMAT(10(I6,1X),10X) 
NH=HT (1) 
NC=0 
NPT1=NPT<1 
DO 8 J=1,NPT1 
IF(NH.LE.HT(J+1)) GOTO 8 
NH=HT (J +1) 
NC=J+1 
8 CONTINUE 
NC1=NC +1 
IF(NH.GE.0) GOTO 12 
po 10 I=1,NC 


10 RHT (I) =FLOAT (NH“HT (I) ) /FACT 
DO 11 J=NC1,NPT 
11 RHT (J) =FLOAT (HT (J) NH) /FACT 
BHT=FLOAT (AVH-NH) /FACT 
GOTO 15 
42 DO112 J=1,NC 


13 RHT (J) =-FLOAT (HT(J)) /FACT 
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DO 14 J=NC1,NPT 


14 RHT (J) =FLOAT (HT (J)) /FACT 
BHT=FLOAT (AVH) /FACT 
15 ITAUO=ITAU 
NT RO=NTR 
DELO=DEL 
RETURN 
C...SEARCH FOR NEW SET OF DATA 
17 WRITE (6,108) TAU1,K,NPT 


108 FORMAT(t-*,*ERROR INPUT ****!,/°0',*TAUT',E10.4, 5X, 
4* K *,12,5X,'NPT =",13,//'-','** SEARCH FOR '%, 
3" ANOTHER SET OF DATA BEGINS :*¥**** *,///) 
18 READ(5,109) (TLE (J) ,J=1,17) 
109 FORMAT(18A4) 
IF (TLE(1) -NE.HEAD(1)) GOTO 18 
IF (TLE(2).NE.HEAD (2)) GOTO 18 
IN=1 
DOM19 io pale 
19 NTIT (J-2) =TLE (J) 
ICARD=1 
GOTO 20 
16 ICARD=0 
RETURN 
END 
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SUBROUTINE IWT(NPT,NC,WTH, LH) 
INTEGER*4 WTH (50) 


THE SUBROUTINE IS ACTIVATED BY SETTING 
WI = 1 IN THE CARD (0). 


THIS IS A USER SUPPLIED SUBROUTINE, 
WHEN SPECIAL WEIGHTING AND TRUNCATION OF THE 
INPUT DATA ARE DESIRED. 


RETURN 
END 


SUBROUTINE NULL(NPT,NC,WT,WTH,IH,DEL,HT,TAU,SLR, HTINF) 


THE SUBROUTINE USES NULL-POINT METHOD TO ESTIMATE 
THE T1 AND THE AVERAGE HT(0) VALUES. 


NULL POINT NC me tomluLe UND LEG iO NerOLNT (TEES DCAU 
VALUE) AT WHICH THE MAGNETIZATION VECTOR IN THE 
T1 EXPERIMENT CHANGES ITS SIGN. 


REAL HT (5C) , TAU (50) 

INTEGER WT, WTH (50) 
DIF1=ABS (HT (NC) HT (NC=1) ) 
DIF2=ABS (HT (NC) -HT(NC+1)) 
TNUL=TAU (NC-1) + (2.-DIF2/DIF1) *DEL 
SLR=ALOG (2.) /TNUL 

SUM=0.0 

WM=0.0 

NC N=NC-2 

NCP=NC+2 

IF (IH.EQ.0) IH=1 

DO 3 J=IH,NCN 

WM=WM4#UTH (J) XHT (J) /(1.-2. *EXP (-TAU (J) ¥SLR) ) 
SUM=SUM+FLOAT (WTH (J) ) 

CONTINUE 

DO 4 J=NCP,NPT 

WM=WM+WTH (J) HT (J) / (122-2. *EXP (“TAU (J) *SLR) ) 
SUM=SUM+FLOAT (WTH (J) ) 

CONTINUE 

HTINF=WM/SUM 

RETURN 

END 
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SUBROUTINE GUGGEN (ICARD,IDEL,DEL,NC,NPT,HTO,HT,WTH,IH, 
&T1,T1R, TIST,HTCAL) 
GUGGENHEIM TREATMENT (E.A. GUGGENHEIM. PHI. ,MAG., 
2,538,1926) EQUATION: 
LN (HT(J+DELT)-HT(J)) = 3B - TAU(J) / 11 


J = IH, NPT<IDEL 
B = LN( 2 * HTO *( 1.- EXP(-IDEL*DEL/T1) ) ) 
SUBROUTINE USED : LSQSM 


REAL HT (50) , TAU (50) 

INTEGER*4 WTH (50) 

REAL*8 D(5) ,STD(5) 
CHOOSE THE DELTA 

IF (IDEL. LE. 0) IDEL=NC 

IEND=NPT-IDEL 

TF (1H-E0.0) IH=1 

IF(IH.GE.IEND) RETURN 

WRITE (6,100) IH, TEND 

IS=IH 


FORMAT (//,6X,*GUGGENHEIM TREATMENT :*,T60,‘INIT.PT.=' 
4 yoT90, FINAL PY.=",12) 
DO 2 J=IS,IEND 
D (1) =TAU (J) 
D(2)=1. 0D0 
DELTA=HT (J+IDEL) -HT (J) 
IF (DELTA.GT.0.0)GO TO 1 
ICARD=-9 
RETURN 
D (3) =ALOG (DELTA) 
MH=WTH (J) 
CALL LSQSM(0,2,D,MW,IFN,STD) 
CALL LSQSM(1,2,D,MW, IFN, STD) 
IF (D(1).NE.0.0) GOTO 3 
ICARD=-9 
RETURN 
T1=-1./SNGL (D (1) ) 
T1R=1./T1 
T1ST=T1*T1¥*SNGL (STD (1) ) 
HTCAL=EXP (SNGL (D(2))) / (2% (1-7 EXP (“T1IR*FLOAT (IDEL) 
1®DEL))) 
RETURN 
END 
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APPENDIX B 


SPIN-LATTICE RELAXATION RATES FOR JHE THREE-SITE-SYSTEM 


For a nucleus involved in the three-site 
exchange system given in Chapter III Eqe (L1I1I-9), the 
spin-lattice relaxation rate due to the metal ion 
complexes is described in this sectione The relevant 
equations for the fast exchange Limit are derived in terms 
of the equations for a two-site exchange systeme [ same 


notation defined in Chapter III are used here Je 


In the fast exchange region (high temperatures), 
where k32 >> T2r37! [Chapter II, Section B-2A(ii)], the 
same condition is atso valid for the spin-lattice 
relaxation: 

k32 >> Tara" 


(B-1) 


Hence, a rapid exchange between species 2 and 
species 3 (2239) existse The individual spin-lattice 
relaxation times, Tis2 and Tis3a, will then be averaged out 
and only a single effective relaxation time, denoted by 
Ta+s is observed (McLaughlin and Leigh, 1973): 
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where £2 and f3 are, respectively, the mole fraction of 


the two species: 


(2] (3) 
STD SS eee is 


Peateleas fe2 ets) 


The total concentration is then [9S], where 


PSie= 259 + 3. 


Therefore, in the fast exchange region, the three-site 
system resembles a "pseudo" two-site exchange system and 


may be represented in the following notation: 


where fe = Pe Greece! 2) 


The system now consists of a major diamagnetic species +l, 
and a minor paramagnetic species 5e Since the nucleus 
exchanges between species 1] and 5, the observed relaxation 
rate is (O*Reilley and Poole, 1963; Luz and Meiboom, 


1964): 
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ksa* + Tass 
(B=-3) 


where bone ae Iie 
GD 














fee 





ie 


te acltoses® olom ed9 re lovisaegaer Cis 
mms . 


e's) ‘a Se 
ie oe = et ee st 
tel * (83 (e) + ts), | 
avedw »[a] asits aj isepiatadd Sartor | 
io SE ae) 
bod, + Ls] - (2) . - _ Asus - 
a : 2% Peery 7 
viie-scadt ed? ,Hokges symsdeee teat ed? al sesotevedT 


Lbfe o@teyes @oneioxe @+ig-oew? “-ongesg” «2 =aluncuen aazeye & 


tyolteton aniwollo® eft ni berns asides od Yom - 





7) Goh 


L esioceqs zitergesaib *elee a2 36 aoe lenes woe aotece eat 





Sueloua ed? eante +h esloege clteopaeeteq ee 
ao tzexaton bevrasedo aff «Bh ona | asiooge seneted maunedaxe — 


*eoodieK bow sat sCO05 efoot bas Mee 


A ainsill =e 


6 
2 = 


ind seston - 7 


. e@ aay oe ex 










a. : >” aul 
a _— 
_ 7 
/ <= 


2093 


Furthermore, the NMR exchange rates are related to the 
equilibrium concentrations of the corresponding species 


(Gutowsky et al, 19533; Gutowsky and Seika, 1953) in the 


following manners 


(B-4} 
The exchange between 5§ and ] can now be expressed in terms 
of the original process: 
C1] {iJ 


Kequ =) ane eee MAS) oe Ki otk 3) 


(2)+[3] (23) 


Since kaz >> ka3z [Eqe (III-10)], therefore, 


(iJ C2] 
k¢i9e") cae i 2a ae ete) eteK2 6 
B22 (2}*(3] 
(B-5) 
When Eqse (B-2) and (B-5S) are substituted into Eqe (B-3), 


one obtains 
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In the high temperature region, where 


foko,e>> © folisone + f£3lasa5 > Ds 
iee@o ksa >> Tiss * 


the expression (B-6) further simplified to 


{2] (3) 
Tap * = Lg cee 
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This is the desired equation in Chapter III (Eqe ILI-17)- 
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